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SUMMARY 
 
The largest cellular organelle, the endoplasmic reticulum (ER), is shaped as an 
interconnected network of sheets and tubules. The functional significance of the 
characteristic shape of the ER remains unclear. The cytoskeletal systems, namely 
actin and microtubule, have been suggested to structure and distribute the ER 
membranes. To investigate the complex interplay between the ER and the 
cytoskeleton may shed light on the functionality of the specific ER morphologies. 
In the rod-shaped fission yeast Schizosaccharomyces pombe (S. pombe), the 
ER consists of the sheet-like nuclear envelope (NE) and the cortical ER that forms an 
intricate network tightly apposing to the plasma membrane (PM). In this work, I show 
that the type V myosins and actin cables effectively transport the cortical ER into the 
growing S. pombe cell tips. Moreover, the ER is tethered to the lateral cell cortex by 
the highly conserved vesicle-associated membrane protein-associated (VAP) proteins 
Scs2 and Scs22.  
I further demonstrate that the cortical ER network is maintained by a set of 
three membrane proteins: reticulon/Rtn1, DP1/Yop1 and a newly identified 
evolutionarily conserved protein Tts1. In the absence of the ER tubulating proteins, 
the ER network structure is lost. As a result, the large ER cisternae physically shield 
the PM preventing the recruitment of the key division site regulator Mid1 and 
actomyosin ring assembly at the equatorial cortex. Strikingly, the detachment of the 
ER from the PM alleviates the division site positioning defects in cells with impaired 
ER architecture. We thus propose that in cells with prominent ER-PM contacts, fine 
reticulation of the ER network allows to establish sufficient well-distributed plasma 
membrane surfaces accessible for binding of peripheral protein complexes. 
                                                                                                                                    ix 
S. pombe undergoes a so-called “closed mitosis” where the NE–tethered 
spindle pole bodies (SPBs) organize the spindle assembly within an intact NE. The 
NE remodels to allow the insertion and extrusion of the mitotic SPBs in the NE, and 
increases its surface area by 30% during mitosis. Interestingly, when we restricted the 
membrane availability prior to mitosis, cells broke the elongating spindles and failed 
nuclear division. Therefore, it appears that the NE expansion is necessary for the 
closed mode of mitosis.  
From a genetic screen for modulators of the nucleoporin Cut11 function in the 
SPB/NE anchorage, I identified the novel ER shaping protein Tts1. I have shown that 
Tts1 also functions to assist Cut11 to anchor the mitotic SPBs in the NE and to sustain 
the structure of the dividing NE. I have generated a set of Tts1 mutant variants and 
found the motifs important for Tts1 functions in the ER shaping and the mitotic SPB 
anchorage. 
Taken together, I believe that my studies provide interesting insights into the 
interplay between the cortical ER and the actin, and between the NE and the spindle 
microtubules. Importantly, I have provided novel evidence that attributes a specific 
physiological function to the reticulated morphology of the cortical ER. 
 
Key words: S. pombe, endoplasmic reticulum, ER-PM contacts, VAPs, reticulon, 
DP1/Yop1, Tts1, Mid1, actomyosin ring, division site selection, closed mitosis, SPB 
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Chapter I Introduction 
The endomembrane system, including the plasma membrane (PM), the endoplasmic 
reticulum (ER), the nuclear envelope (NE), the Golgi apparatus, vesicles etc., 
organizes the intracellular space into structurally and functionally distinct 
compartments. To ensure the spatial distribution and inheritance of these 
endomembrane organelles during the cell growth and division, cells employ 
cytoskeletal systems, such as actin and microtubule. The dynamic and polarized 
cytoskeletal arrays serve as tracks for cargo delivery to the specific cellular locations. 
The endoplasmic reticulum is the largest membranous organelle in a eukaryotic 
cell. It exhibits a sophisticated morphology, including interconnected ER sheets and 
tubules, and forms multiple contacts with other membrane compartments. The 
functionality of the specific ER architecture remains largely unexplored, leaving a 
large check list for investigating the physiological meaning attributed to the 
characteristic shape of the ER. Both actin and microtubule have been implicated in 
distributing the ER membranes within the cellular volume (reviewed in Pendin et al., 
2011; Estrada et al., 2003; Ueda et al., 2010; Wagner et al., 2011). However, the 
nature of protein complexes responsible for the ER/actin interaction is unknown. As 
basic understanding of the ER compartmentalization and shaping starts to emerge, 
further studies will undoubtedly provide insights into the complicated interplay 
between the ER and cytoskeletal systems. 
   Yeast is arguably the most popular unicellular model system to study basic cell 
biological questions. Its short and well-characterized cell cycle, mature functional 
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genomics and powerful genetic tools make yeast a perfect platform to investigate the 
molecular mechanisms underlying various aspects of cell physiology. Many of these 
mechanisms are evolutionarily conserved; hence findings from yeast studies will have 
potential to provide valuable insights into human development and diseases. The 
fission yeast Schizosaccharomyces pombe (S. pombe) is a cylinder-shaped organism 
that exhibits a polarized growth exclusively at cell tips essentially coupled with 
polarized actin dynamics. It divides through actomyosin ring constriction and septum 
deposition at the mother cell equator. These actin structures assemble and remodel at 
the cell cortex in the proximity to the cortical ER. In addition, S. pombe undergoes a 
so-called “closed mitosis” when spindle microtubules are assembled inside the intact 
nucleus and the NE divides through a dumbbell-shaped intermediate. These 
cytological features make S. pombe a suitable model to study ER-cytoskeleton 
interactions. 
Following sections provide an overview of the structure and function of the ER 
and the actin cytoskeleton. The last two sections further review closed mitosis and 
cytokinesis in fission yeast where the interactions between the ER and the cytoskeletal 
structures appear to play a crucial role. 
 
1.1 Endoplasmic reticulum 
1.1.1 Architecture of the endoplasmic reticulum 
The endoplasmic reticulum is a large membrane organelle with elaborate architecture 
and multiple functions. It consists of the sheet-like nuclear envelope, and the 
3 
peripheral ER which is morphologically divided into the flat cisternae and a polygonal 
network of membrane tubules (reviewed in Voeltz et al., 2002). These membrane 
sheets and tubules are interconnected and share a common continuous lumen 
(Terasaki et al., 1996). Based on its association with ribosomes, the ER is classified 
into two functionally distinct domains, the rough endoplasmic reticulum and the 
smooth endoplasmic reticulum. The rough ER, studded with the membrane-bound 
ribosomes, is the main site for protein synthesis while the smooth ER is where lipid 
biosynthesis and carbohydrate metabolism take place. Interestingly, the rough ER 
usually appears sheet-like and the smooth ER often forms tubular structures (Fawcett, 
1981). Furthermore, electron microscopy analyses of the ER morphologies in 
specialized cell types with predominant rough ER or smooth ER functions have 
suggested a plausible connection between the ER morphologies and functions 
(Fawcett, 1981; Ogata and Yamasaki, 1997, reviewed in Shibata et al., 2006). 
Therefore, investigating how these ER subdomains with distinct morphologies are 
generated and maintained could provide crucial insights in understanding the 
significance of the ER architecture in executing its physiological functions. 
 
1.1.2 The ER shaping proteins 
ER subdomains, the ER sheets and tubules, adopt low and high membrane curvatures 
respectively. They are established on a single continuous ER membrane and exhibit a 
complex remodeling by conversion from one shape to another. The state of high 
curvature in membranes is not energetically favorable. Thus it has been speculated 
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that specific proteins could shape the highly curved ER membranes. Accordingly, 
recent studies discovered a group of membrane proteins responsible for the tubular 
ER formation or maintenance (Voeltz et al., 2006; Hu et al., 2008; Hu et al., 2009). 
Voeltz et al., 2006 utilized a previously established in vitro system in which small ER 
vesicles purified from the Xenopus laevis eggs could be induced to form a membrane 
network. Based on this system, the authors have successfully identified the proteins 
essential for the ER network assembly, leading to the discovery of a set of membrane 
shaping proteins.  
The highly conserved reticulon and DP1/Yop1 proteins are two of such 
well-recognized ER shaping protein families. Their ER tubulating functions are 
conserved throughout the eukaryotic domain of live, from yeast, plant to animal cells 
(Voeltz et al., 2006; Sparkes et al., 2010). Proteins from these two families do not 
exhibit a primary sequence similarity but share a similar "wedge"-shaped 
transmembrane topology and self-oligomerization properties which were proposed to 
favor membrane tubulation and high curvature stabilization (Hu et al., 2008; Voeltz et 
al., 2006; Shibata et al., 2008). Hu et al., 2008 showed that purified yeast Yop1 and 
Rtn1 per se were sufficient to shape lipids into the ER-like tubular structures in vitro. 
They also proposed a simplified curvature regulation mechanism implemented by 
distributing oligomers of the ER shaping proteins along the ER membrane. However, 
the aggregation of ER tubulating proteins could be induced from the curvature of lipid 
bilayer membranes (Reynwar et al., 2007). It appears that lipid composition also plays 
an important role in formation or maintenance of membranes with high curvature 
5 
(reviewed in Sprong et al., 2001 and Phillips et al., 2009). Overall, an orchestrated 
protein-lipid regulatory mechanism could participate in the ER shaping in vivo. 
 
1.1.3 Functions of the tubular ER 
What necessitates the tubulation of the ER membrane? With a limited ER membrane 
volume, one obvious advantage of tubulating the ER is to create more membrane 
surface area. Moreover, a reticular shape of the ER could be spatially more favorable 
to allow the ER extension throughout the cell without blocking the cytoplasmic 
trafficking. Nevertheless, how these potential benefits actually contribute to cell 
physiology remains unknown. 
In animal cells, the dissociation of membrane-bound ribosomes during cell 
division induces the morphological transformation of the ER from sheets to tubules 
(Puhka et al., 2007), suggesting that ER tubules could play specific roles during 
mitosis. Concurrently, C. elegans embryos lacking tubulating proteins exhibit defects 
in the NE disassembly during mitosis (Audhya et al., 2007). The NE reassembly has 
been shown to be initiated from the recruitment of the ER tubules onto the segregated 
chromosomes, followed by the ER flattening and resealing (Anderson and Hetzer, 
2007, 2008). However, the removal of reticulons and DP1/Yop1, and the resulting 
flattening of the ER membrane did not lead to large scale defects in the NE 
reformation (Anderson and Hetzer, 2008). Therefore, the data on roles of ER tubules 
in NE breakdown and reformation remain somewhat ambiguous. Moreover, in 
budding yeast, the depletion of Rtn1, Rtn2 and Yop1 causing the conversion of most 
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ER tubules into sheets (Voeltz et al., 2006), does not affect the normal cell growth. 
Cumulatively, the physiological significance of the tubular morphology in the ER 
system remains unclear.  
Cellular polarization is the basis underlying cell-cell communications and 
responses in multi-cellular organisms. Indeed, depletion of tubulating proteins leads to 
the low viability at embryonic stage of C. elegans (Audhya et al., 2007). Furthermore, 
mutations on genes encoding the tubulating proteins have been implicated in human 
nervous system diseases, such as Alzheimer's disease (AD) (He et al., 2004; reviewed 
in Prior et al., 2010) and amyotrophic lateral sclerosis (ALS) (Yang et al., 2009). 
Therefore, it would be of interest to study the potential importance of the tubular ER 
in a highly polarized cellular environment such as neuron cells. Moreover, a recent 
observation that ER tubules contact the fission sites at the mitochondria may also 
implicate network morphology and remodeling of the tubular ER in regulating the 
mitochondrial division (Friedman et al., 2011). Hence another promising direction in 
functional study of the tubular ER might be focusing on its interaction with other 
organelles. 
 
1.1.4 Membrane contacts between the ER and other organelles 
As the largest membrane reservoir and the major site for lipid biosynthesis, the ER 
exhibits multiple contacts with other membrane organelles, such as the mitochondria, 
the plasma membrane (PM), and the lipid droplets (LD). 
The close ER-mitochondria contacts were originally observed more than four 
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decades ago in the electron microscopy analysis of different cell types. In most cases, 
the smooth ER was found to be associated with the mitochondrial outer membrane 
(Morre et al., 1971; Franke and Kartenbeck, 1971). These mitochondria-associated 
membranes (MAMs) appear to be enriched in enzymes participating in lipid 
biosynthesis (Vance, 1990; Cui et al., 1993; Rusinol et al., 1994), possibly generating 
a specific lipid pool that could link and coordinate functions of these two organelles. 
Recent studies in mammalian and yeast cells uncovered the existence of protein 
tethers that ensure the ER-mitochondria contacts (de Brito and Scorrano, 2008; 
Kornmann et al., 2009). These insights should now make it feasible to examine the 
roles of the ER-mitochondria juxtaposition in inter-organelle communication during 
lipid exchange and calcium signaling (Rizzuto et al., 1998). 
The peripheral ER intimately associates with the plasma membrane in yeast cells 
(Pidoux and Armstrong, 1993; Prinz et al., 2000), plants (Sparkes et al., 2009) and the 
excitable cell types in metazoans (Schneider, 1994; Wu et al., 2007). In yeast cells, 
the ER-PM contact sites appear to provide an environment for synthesizing and 
metabolizing lipids such as phosphoinositides, phosphatidylserine (PS) and ergosterol 
(Pichler et al., 2001; Stefan et al., 2011). For instance, the ER resident 
vesicle-associated membrane protein-associated proteins (VAPs) in budding yeast 
have been shown to interact with the PH domain-containing oxysterol-binding 
homology (Osh) proteins through FFAT motif at the ER-PM interface. Their 
interaction was shown to be important for controlling the PI4P level at the PM (Kaiser 
et al., ; 2005 Stefan et al., 2011). In muscle cells, the specialized sarcoplasmic 
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reticulum adjacent to the plasma membrane is involved in the calcium release 
(reviewed in Rizzuto and Pozzan, 2006). In non-excitable animal cells, the close 
contacts between the ER subdomains and the PM appear to function in controlling the 
store-operated Ca2+ channels (SOC) (reviewed in Wu et al., 2007). However, what 
provides physical bridges between these two membranes remains largely unknown. 
The possible candidates could include proteins that interact with both the ER and the 
PM. 
Lipid droplet is the main neutral lipids storage organelle in eukaryotes. Its core 
comprised of triglycerides (TAGs) and sterol esters is surrounded by a monolayer of 
phospholipids (Tauchi-Sato et al., 2002). This lipid monolayer is generally believed 
to be derived from the ER membrane, although direct evidence is lacking. The initial 
accumulation of neutral lipids is hypothesized to occur between two leaflets of the ER 
membrane. The mature lipid core enclosed with either both leaflets or solely with the 
cytoplasmic leaflet is believed to then bud off from the ER (reviewed in Thiele and 
Spandl, 2008; reviewed in Ohsaki et al., 2009). This hypothesis is largely supported 
by ultrastructural records suggesting that the LDs are continuous with the ER 
membrane (Stein and Stein, 1967a, b; Blanchette-Mackie et al., 1995). Observations 
from Robenek et al., 2006 utilizing the freeze-fracture electron microscopy did not 
favor the idea that the LDs are generated within the two leaflets of the ER, instead 
suggested that the specialized ER sub-domains enriched in PAT family protein 
adipophilin could form egg-cup like structures surrounding the LDs. However, 
whether these findings present the relations between the ER and nascent LDs is 
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unknown. Regardless of various models for the LD biogenesis, the close physical and 
functional contacts between the ER and the LDs are commonly accepted (reviewed in 
Ohsaki et al., 2009; Ohashi et al., 2003; Robenek et al., 2006; Kuerschner et al., 2008; 
Jacquier et al., 2011).  
 
1.1.5 The endoplasmic reticulum in yeast 
In yeast cells, the endoplasmic reticulum consists of the nuclear envelope, the cortical 
ER which tightly apposes the plasma membrane and the interconnecting ER 
membrane in the cytosol. As reviewed above, the cortical ER in yeast is highly 
reticulated and closely associates with the plasma membrane. It also exhibits 
extensive contacts with the mitochondria and lipid droplets (reviewed above). 
The ER distribution and compartmentalization in yeast is relatively simple and 
well-defined. Furthermore, components that could contribute to the ER structure and 
the generation of the ER-associated membrane contacts are mostly conserved in 
evolution. Therefore, yeast has been recognized as one of the popular unicellular 
models to study the ER architecture and function. In particular, the pronounced 
ER-PM association makes yeast a great system to study the biological nature of the 
contacts between these two membranes. This could potentially help to understand the 
roles of the ER-PM contact sites in higher eukaryotes. 
 
1.2 Actin cytoskeleton 
1.2.1 Actin structures 
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Eukaryotes utilize the actin cytoskeleton to modulate cell shape, move and divide. 
Actin, the major subunit of the actin cytoskeleton, is a monomeric ATP-binding 
protein. It exists in forms of a monomer (known as G-actin or globular-actin) and a 
filament (namely F-actin or filamentous actin).  
Actin filaments in yeast cells can be structurally classified into three types: actin 
cables, cortical actin patches and actin contractile ring (Marks et al., 1986). The actin 
cables are long bundles of actin filaments that serve as tracks for the myosin-based 
transport contributing to cell polarity. Actin patches are cortical actin puncta that 
associate with the plasma membrane (Mulholland et al., 1994; Rodal et al., 2005) 
mediating endocytosis (reviewed in Moseley and Goode, 2006). Actin contractile ring 
is the myosin-powered apparatus commonly used among fungi and animal cells for 
the physical separation of two daughter cells during cytokinesis. 
 
1.2.2 Actin cytoskeleton in S. pombe 
1.2.2.1 Actin structures in interphase 
The rod-shaped fission yeast Schizosaccharomyces pombe has all three types of 
F-actin structures and spatially reorganizes its actin cytoskeleton during cell cycle. In 
interphase, actin cables and patches are polarized at two growing tips; while during 
mitosis, the actomyosin ring is assembled at the cell equator (Marks et al., 1986). 
A newly born S. pombe cell grows monopolarly from the old end but initiates 
bipolar growth at some point during G2 after reaching sufficient size. This growth 
transition in fission yeast is termed NETO, for new end take-off. (reviewed in Martin 
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and Chang, 2005). The interphase actin structures, namely actin patches and actin 
cables, largely reside at the growing tips, exhibiting the redistribution to both cell 
ends at NETO (Marks et al., 1986). Actin patches are highly dynamic cortical F-actin 
structures nucleated by Arp2/3 complex and are required for the invagination of 
endocytic vesicles (Pelham and Chang, 2001; reviewed in Moseley and Goode, 2006). 
Interphase actin cables are assembled through the function of the non-essential formin 
For3 which primarily localizes to cortical spots at the growing cell tips (Feierbach and 
Chang, 2001; Nakano et al., 2002). These actin fibers function as tracks for type V 
myosin-driven vesicle delivery towards the growing tips (Motegi et al., 2001; Win et 
al., 2000). S. pombe cells lacking For3 and therefore interphase actin cables are able 
to undergo polarized growth albeit with minor cell elongation defects (Feierbach and 
Chang, 2001; Nakano et al., 2002), suggesting the existence of actin-independent 
factors for establishing and maintaining cell polarity. 
 
1.2.2.2 Actomyosin ring assembly 
S. pombe constructs the actomyosin contractile ring underneath its plasma membrane 
at the cell equator before the segregation of the genetic material. Interestingly, the 
actomyosin ring does not undergo constriction until the completion of nuclear 
division. This is in contrast to the situation in animal cells where actomyosin furrows 
assemble and immediately constrict following chromosome segregation (Schroeder, 
1990). Septation Initiation Network (SIN), a pathway of kinase cascade triggers 
contraction of the ring after mitotic exit (reviewed in Krapp et al., 2004). During ring 
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constriction, actin filaments are believed to slide upon each other through the function 
of the myosin II motors, to sustain the plasma membrane invagination.  
The actomyosin ring assembly and placement are remarkably efficient. So far two 
major models have emerged from the mechanistic studies of actomyosin ring 
formation in S. pombe. In both cases, the essential ring components, including actin 
filaments, myosin motors and the regulators of the ring assembly and function are 
preloaded to the future division plane in early mitosis (reviewed in Lee et al., 2012). 
The “leading cable” hypothesis was developed from the observations of a single spot 
containing the mitotic formin Cdc12 (Chang et al., 1997), the FCH-BAR domain 
protein Cdc15 (Carnahan and Gould, 2003) or type II myosin (Wong et al., 2002) at 
the medial cortex prior to ring assembly. The model proposed that the actin ring 
formed from actin filaments nucleated at a single position at the equatorial cortex that 
curve around the cortex. This idea was further supported by the ultrastructural studies 
of the early anaphase actomyosin rings (Kamasaki et al., 2007). The stunning three 
dimensional reconstitutions revealed that the early anaphase ring predominantly 
comprised of two semicircular bundles of actomyosin filaments with opposite 
orientation. However, these single spots have been detected in cells over-expressed 
corresponding ring components or at unusually high temperature. It is thus 
conceivable that such spots could be nonfunctional protein aggregates rather than the 
de facto ring progenitors. In line with this, the observed ultrastructural analysis was 
performed on cells synchronized in mitosis by using cdc25 temperature sensitive 
mutant allele (Kamasaki et al., 2007). It is thus important to establish if temperature 
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shift could have had any effects on actin structure or the actomyosin ring assembly. In 
addition, it is not clear if the observed ultrastructures reflected the early stages of ring 
assembly or the electron microscopy has provided sensitivity sufficient to detect all 
nascent actin filaments.  
The alternative hypothesis of the actomyosin ring formation is so-called “search 
and capture” model (Wu et al., 2006; Vavylonis et al., 2008). This model postulates 
that the division site determinator Mid1 (reviewed in 1.3; Bahler et al., 1998) first 
organizes a band of numerous cortical “nodes” at the equatorial region followed by 
recruitment of other ring proteins, including type II myosin (Kitayama et al., 1997) 
together with its light chains Rlc1 (Le Goff et al., 2000) and Cdc4 (McCollum et al., 
1995), the essential mitotic formin Cdc12 (Chang et al., 1997), the FCH-BAR domain 
protein Cdc15 (Fankhauser et al., 1995) and the IQGAP Rng2 (Eng et al., 1998; Wu 
et al., 2006). These cortical nodes are proposed to nucleate actin filaments as well as 
to randomly capture actin filaments organizing from neighboring nodes. Forces 
exerted on actin filaments by myosin motors would eventually incorporate nodes into 
a tight ring structure underlying the medial cortex. The impressive in vivo live 
imaging provided a convincing real time analysis of the actomyosin ring compaction 
(Vavylonis et al., 2008). 
The supporting mathematical simulations were based on an assumption that 
myosin motor activity was required for nodes’ compaction. However, previous studies 
indicated that myosin motors were in fact inactive during the early ring compaction 
(Lord et al., 2004; Wong et al., 2000). Furthermore, cells with compromised myosin 
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motor activity were capable of assembling rings (D’Souza et al., 2001). Therefore, it 
could be the cross-linking function of myosin rather than its motor activity that 
contributes to node compaction in early mitosis. Importantly, mid1Δ cells that did not 
exhibit detectable “nodes” did assemble the ring, although at abnormal positions and 
with different kinetics (Huang et al., 2008; Hachet and Simanis, 2008). Hence, the 
collective evidence implies that the node-based “search and capture” model does not 
present as only mechanism for the actomyosin ring assembly in S. pombe. However, it 
could be the strategy that is mainly adopted by wild-type cells. 
 
1.2.3 Actin cytoskeleton and endomembranes 
F-actin structures, myosin motors and the associated proteins work together to 
manipulate endomembranes in diverse ways ranging from vesicle targeting, 
intracellular endomembranes distribution to exerting forces for the PM closure during 
cytokinesis. 
Endocytosis, proceeding through invagination of the plasma membrane to the 
scission of endocytic vesicles, is known to require actin cytoskeleton in many systems 
(reviewed in Galletta and Cooper, 2009). In yeast, the Arp2/3 complex-mediated actin 
assembly occurs underneath the plasma membrane. Eventually the actin meshwork 
promotes the membrane internalization (Kaksonen et al., 2003; Rodal et al., 2005). 
Actin cables however appear dispensable for endocytosis. The removal of interphase 
actin cables by depletion of formin For3 or by applying the limited concentration of  
actin polymerization inhibitor latrunculin A (LatA) that does not affect actin patch 
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integrity, does not lead to disruption of normal endocytosis (Gachet and Hyams, 
2005). 
Polarized exocytosis, critical for the localized cell expansion, is executed through 
a directed transport of secretory vesicles along actin cables via type V myosins and 
the tethering of vesicles to the PM by the exocyst complex (reviewed in Lipschutz and 
Mostov, 2002; Pruyne et al., 2004; Bendezu and Martin, 2010). The class V myosin 
Myo2 and secretory vesicles mis-localized in budding yeast tropomyosin mutant that 
lacked actin cables (Pruyne et al., 1998). In fission yeast, simultaneous disruption of 
actin transport and the exocyst function leads to a complete loss of cell polarity 
(Bendezu and Martin, 2010). On the other hand, the actomyosin-based transport also 
participates in the polarization of the Trans-Golgi network (TGN) (Santiago-Tirado et 
al., 2011) and the exocyst components (Bendezu et al., 2012) which could contribute 
to the localized exocytic events.  
To ensure that two daughter cells inherit the endoplasmic reticulum, mother cells 
employ the cytoskeletal system to distribute and segregate the ER membranes during 
cell division. The actomyosin dependent mechanism for the peripheral ER transport 
was shown to function in many cell types, including yeast (Estrada et al., 2003), 
plants (Ueda et al., 2010) and Purkinje neuron cells (Wagner et al., 2011). However, 
the ER-specific receptors for myosins await identification. The transitional ER (tER), 
a specialized ER sub-domain for COPII vesicle assembly, is enriched at the division 
site of S. pombe cells depending on an intact actomyosin ring and the ring associated 
FCH-BAR protein Cdc15 function (Vjestica et al., 2008). Accordingly, the 
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actomyosin machinery can also provide molecular landmarks for endomembrane 
targeting. 
 
1.3 Division site selection in S. pombe 
The fission yeast S. pombe establishes the actomyosin ring precisely at the equatorial 
cortex and divides equally into two daughter cells. How the fission yeast determines 
and finds its middle has been an intriguing and pivotal question for yeast cell 
biologists for two decades. 
Early screenings for putative ring-positioning regulators have uncovered the 
anillin-like protein Mid1 as the key determinator of the division site selection (Chang 
et al., 1996; Sohrmann et al., 1996). Mid1 contains the nuclear localization sequence 
(NLS) and N- and C-terminal membrane-binding motifs (Celton-Morizur et al., 2004), 
which allow it to shuttle between the nucleus and the medial cortex during interphase 
(Paoletti and Chang, 2000). It exits the nucleus in early mitosis in a Polo 
kinase-dependent manner (Bahler et al., 1998) and recruits other ring components to 
the cortical nodes overlying the nucleus. The nodes are eventually compacted into a 
single equatorially positioned ring (reviewed in 1.2.2.2; Wu et al., 2006). Cells 
lacking Mid1 function are severely defective in positioning the actomyosin ring 
machinery at the cell equator albeit capable of assembling rings later in mitosis 
(Chang et al., 1996; Sohrmann et al., 1996; Bahler et al., 1998; Huang et al., 2008; 
Hachet and Simanis, 2008).  
Since Mid1 serves as the spatial determinant and the scaffold for ring assembly, 
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its equatorial localization in mitosis is essential. Notably, the correlation between the 
bulk exit of nuclear Mid1 during early mitosis and subsequent nodes formation at the 
cortex overlying the nucleus implicates the nucleus as a positional cue for ring 
assembly. Indeed, displacing the nucleus from the cell center just prior to the mitotic 
entry results in a corresponding delocalization of Mid1 and hence the ectopic 
contractile ring formation (Daga and Chang, 2005). Therefore, the Mid1-driven 
positive regulation of ring assembly is based on the nuclear export of Mid1 and the 
nuclear positioning in preceding interphase. 
Remarkably, Mid1 is loaded on the cortex as a band of a limited width, which has 
been proposed to be critical for ensuring assembly of a single ring (Vavylonis et al., 
2008). What restricts the size of this region remains unclear. The limited size could be 
a physical outcome of Mid1 diffusion in cytosol and the kinetics of its cortex binding. 
Alternatively, there could be cortical receptors for Mid1 or certain negative signals 
could restrict its lateral dispersion along the cell cortex. Tip-localized polarity 
determinants Tea1 (Mata and Nurse, 1997), Tea4 (Tatebe et al., 2005) and Pom1 
(Bahler and Pringle, 1998) have been shown to inhibit the division septa formation at 
the cell tips (Huang et al., 2007), indicating an existence of the negative regulatory 
mechanism for the division site placement. Concordantly, the cortical domain 
occupied by Mid1 and its interphase cortical anchor Cdr2 kinase (Almonacid et al., 
2009) expanded towards the non-growing end in cells lacking Pom1 kinase, resulting 
in the division site displacement (Celton-Morizur et al., 2006; Moseley et al., 2009). 
Collectively, a positive regulation from cell center-located nucleus and a Pom1-based 
18 
inhibitory signaling from cell ends seem to establish a spatial control for symmetric 
division in S. pombe. 
However, the mitotic recruitment of Mid1 to the cortex is independent of Cdr2 
(Almonacid et al., 2009). It is unlikely that Pom1-Cdr2 regulatory network still 
accounts for the mitotic distribution of Mid1, although the initial Mid1 from 
interphase could serve as a landmark. Other factors that could contribute to Mid1 
equatorial positioning could be the mitosis-specific distribution of cortical receptors 
or the mode of Mid1 delivery or binding to the cortex (reviewed in Almonacid and 
Paoletti, 2010).  
 
1.4 Closed mitosis 
1.4.1 Spindle pole body 
The closed mitosis adopted by many low eukaryotes proceeds through the assembly 
of the intranuclear mitotic spindle and division of the nucleus into two daughters 
without ever losing the nucleocytoplasmic compartmentalization. The nuclear 
membrane-associated spindle pole bodies (SPBs), as the microtubule-organizing 
centers (MTOCs) for the mitotic spindle, are the adaptive inventions for such type of 
mitosis.  
The SPB is a morphologically stratified structure that duplicates once in each cell 
cycle (O’Toole et al., 1999; Bullitt et al., 1997). Its inner plaque facing the nuclear 
interior nucleates and anchors the spindle microtubules, whereas the outer facet 
projects into the cytoplasm and provides the spindle with positional information by 
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organizing the astral microtubule arrays. The central core ensures structural integrity 
of the SPB and anchors it within the NE plane. 
 
1.4.2 The SPB anchorage and the NE remodeling during closed mitosis 
In budding yeast, the mother SPB localizes at the NE throughout the cell cycle and the 
newly formed daughter structure is inserted into the NE following the SPB 
duplication in G1 phase (O’Toole et al., 1999; Byer and Goetsch, 1975; Adams and 
Kilmartin, 1999). The daughter SPB insertion is driven by a concerted action of the 
SPB-NE tethering Mps3-Mps2-Bbp1-Nbp1 protein network (Kupke et al., 2011; 
Araki et al., 2006; Schramm et al., 2000; Friederichs et al., 2011; reviewed in 
Jaspersen and Ghosh, 2012) and the transmembrane nucleoporin Ndc1p that also 
plays a role in the nuclear pore complex (NPC) insertion into the NE (Lau et al., 
2004).  
Unlike in budding yeast, the fission yeast SPBs undergo a cycle of insertion and 
extrusion during mitosis, spending most of the cell cycle at outer side of the NE and 
settling into the NE briefly during mitosis (Ding et al., 1997). The NE fenestration 
and SPB insertion are well coordinated and a tight nucleocytoplasmic barrier is 
maintained throughout mitosis (Gonzalez et al., 2009; Tallada et al., 2009). This 
behavior provides a naturally sensitized system to study the SPB pore formation and 
SPB anchorage. Nevertheless, the molecular details of this SPB translocation and the 
involved NE remodeling are largely unknown.  
Mutations in the Ndc1 orthologue Cut11 (West et al., 1998) and the mitotic 
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regulator Cut12 (Bridge et al., 1998; Tallada et al., 2009) in S. pombe cause the 
failure of SPB insertion and defective spindle formation. The effect of Cut11 
deficiency is likely due to a physical failure in anchoring the SPB within a fenestra, 
similar to its function in the NPC insertion, the reasons for the Cut12-related 
phenotype are less clear. Cut12 is an essential protein that lacks the membrane 
association domains; instead, it localizes to the inner facet of the SPB, facing the NE 
(Bridge et al., 1998). A major biochemical role of Cut12 appears to promote mitosis 
through boosting the mitotic cyclin-dependent kinase (CDK) activity by amplification 
of the Polo kinase-driven positive feedback loop (Hagan, 2008). Both Polo (Bahler et 
al., 1998; Mulvihill et al., 1999) and the CDK complex (Decottignies et al., 2001) 
associate with the mitotic SPBs, suggesting that the local activation of these kinases 
could promote a localized NE remodeling resulting in fenestra formation and the SPB 
insertion. Furthermore, fenestra closure and the SPB relocalization to the nuclear 
outer surface at the end of anaphase coincide in time with the disappearance of Polo 
from the SPBs (Bahler et al., 1998; Mulvihill et al., 1999). 
Mirroring the process of nuclear envelope breakdown in higher eukaryotes, one 
could consider the SPB insertion in fission yeast essentially, as a localized nuclear 
envelope breakdown triggered by the activity of mitotic kinases. The exact 
mechanisms downstream of the cell cycle signaling that underlie a stable SPB 
insertion in the NE remain to be elucidated. 
 
1.4.3 Nuclear membrane expansion during closed mitosis 
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To accommodate spindle elongation and a closed division of the spherical mother 
nucleus into two daughters, the nuclear surface area increases during anaphase (Lim 
et al., 2007). For instance, a dividing S. pombe nucleus increases its surface area by 
approximately 30% by the end of mitosis while the nuclear volume is kept constant 
(Lim et al., 2007; Yam et al., 2011). This is not a simple issue of passively drawing 
the membrane material from the peripheral ER by the elongating nucleus. Both S. 
cerevisiae and S. pombe cells deficient in spindle function and delaying in metaphase 
with a single nucleus undergo extensive NE proliferation. The former species deposits 
the extra membranes into a single protrusion adjacent to the nucleolus (Witkin et al., 
2012) while the latter exhibits an extensive ruffling of the NE often resulting in 
nuclear “fission” (Castagnetti et al., 2010).  
The lipin family proteins that control the endomembrane growth appear to 
function at the crux of the matter. Interphase yeast cells lacking the lipin proteins 
(named Pah1 in S. cerevisiae and Ned1 in S. pombe) overproliferate both nuclear and 
peripheral ER membranes (Santos-Rosa et al., 2005; Tange et al., 2002). 
Enzymatically, lipins are Mg2+-dependent phosphatidate phosphatases that hydrolyze 
phosphatidic acid (PA) to diacylglycerol (DAG) (Han et al., 2006). In addition to its 
enzymatic function, Pah1 is involved in transcriptional repression of genes encoding 
the key phospholipid biosynthesis enzymes (Santos-Rosa et al., 2005; O'Hara et al., 
2006; Loewen et al., 2004). As a result, cells lacking Pah1 show a pronounced 
increase in steady state levels of structural phospholipids (Carman and Han, 2006). 
Modulating Pah1 activity can therefore balance the production of structural vs. storage 
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lipids in many physiological scenarios, including the cell cycle progression. Indeed, 
Pah1 activity is subject to inhibitory phosphorylation by the cyclin-dependent kinases, 
including the mitotic CDK (Choi et al., 2011; Karanasios et al., 2010). The 
ER-localized Nem1/Spo7 phosphatase complex reverses the modification and 
promotes Pah1 activation (Santos-Rosa et al., 2005; Siniossoglou et al., 1998; Kim et 
al., 2007). Since the activity of CDK is highest at mitotic entry, the inhibition of Pah1 
at this time point could account for a burst in phospholipid biosynthesis and assembly 
of a membrane reservoir.  
Unlike the interphase cells lacking lipin function, the mitotic yeast cells do not 
exhibit overproliferation of the entire ER network (Witkin et al., 2012). The 
preferential growth of the NE suggests the existence of a mechanism for mitosis 
specific partitioning of the membranes within the endomembrane system. Possible 
scenarios include a relatively localized assembly of the ER membranes competent for 
incorporation into the dividing nucleus. A pertinent question is where exactly the new 
membranes are inserted during the nuclear division. Studies in budding yeast suggest 
that the nuclear membrane adjacent to the nucleolar, chromatin-free region serves as 
an intrinsically expandable NE domain during non-scalable surface area increase 
(Campbell et al., 2006). During closed mitosis, the nucleolus does not disassemble but 
divides into two parts, segregating behind the sister chromatids. It remains to be seen 
if addition of new membranes occurs at the equator of the dividing nucleus, in a 




The architecture of the endoplasmic reticulum is extensively remodeled. How the 
cytoskeletal systems, including actin and microtubules, interact with the ER 
membranes and influence the ER remodeling is poorly understood. Whether the 
structure of the ER could in turn affect the cytoskeleton organization and dynamics 
has not yet been reported. Importantly, the physiological significance of specific ER 
morphologies remains to be elucidated. In this study, I have chosen the fission yeast 
Schizosaccharomyces pombe, which exhibits a polarized growth in interphase and a 
“closed” nuclear division, to explore these areas of research. With this in view, I 
readdress these open question as follows. 
1. The fission yeast undergoes a “closed mitosis” where the intranuclear mitotic 
spindle segregates chromosomes within the intact nuclei. The proper mitotic 
NE remodeling, in particular the fenestra formation and closure, allows 
spindle pole bodies translocation in the NE and hence ensures proper spindle 
formation and chromosome segregation. However, how the fenestras are 
formed and healed is currently unknown. 
2. The peripheral ER in S. pombe resides predominantly underneath the cell 
cortex. This cortical ER is closely associated with the plasma membrane and 
exists in the proximity to cortical actin structures. It is not known if the actin 
cytoskeleton could affect the cortical ER structure and if the alteration of the 
ER morphology could lead to obvious phenotypic consequences. 
Therefore, in my study, I performed a series of experiments to investigate these 
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two major sets of questions. 
To identify candidates that could be involved in the mitotic NE remodeling and/or 
SPB translocation, a genome-wide high-copy suppressor screen for cut11-6 
temperature sensitive allele was conducted. Cut11 is an essential nucleoporin and is 
particularly enriched on the mitotic SPBs till early anaphase (West et al., 1998). 
cut11-6 encodes a deficient Cut11 variant which is unable to tether the mitotic SPBs 
to the NE at restrictive temperature. 
Since the NE is continuous with the ER, the dynamics of these organelles are 
intimately linked. To visualize the general ER morphology and dynamics, I 
constructed the artificial ER luminal markers. The interaction between the ER and the 
actin cytoskeleton was directly examined by time-lapse analysis of wild type cells 
co-expressing artificial markers for the ER and actin. Additionally, both mutants with 
disrupted actin structure and the actin depolymerizing drug were utilized to inspect 
the role of actin cytoskeleton in structuring the cortical ER. 
To study the ER architecture in fission yeast, I analyzed the localization and 
dynamics of the ER shaping proteins Rtn1 and Yop1 throughout the cell cycle. 
Furthermore, deletion mutants of rtn1 and yop1 were generated to explore functions 
of encoded proteins and to search for the potential biological significance of the ER 
morphology. 
To conclude, my study was aimed to discover new players important for the 
mitotic NE remodeling and the spindle pole body translocation in the NE. 
Furthermore, I hoped to provide important and novel insights into interplay between 
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the actin cytoskeleton and the ER structure in fission yeast. Perhaps most importantly, 
probing the ER architecture in S. pombe for the first time could have a potential to 
uncover the physiological significance of the ER morphology. 
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Chapter II Materials and methods 
2.1 Strains, reagents and genetic methods 
2.1.1 Schizosaccharomyces pombe strains 
S. pombe strains used in this study and their genotypes are listed in the table below. 
Table 1. Strains used in this study. 
 
Strain Genotype Reference 
MB3886 pom1-GFP::KanR+ ura4-D18 leu1-32 ade6 
Mohan 
Balasubramanian lab
SO1792 nup211-GFP::ura4+ura4-D18 leu1-32 ade6 
David Balasundaram 
lab 
SO2240 cut11-6 ura4-D18 leu1-32 ade6 Dick Mcintosh lab
SO213 mid1Δ::ura4+ ura4-D18 leu1-32 ade6 Lab stock 
SO1083 h+ ura4-D18 leu1-32 ade6 Lab stock 
SO3023 ost1-mCherry:: ura4+ ura4-D18 leu1-32 ade6 Lab stock 
SO3148 
cut11-6Kan::nmt81-GFP-atb2 pcp1-mCherry::ura4+
uch2- mCherry::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3219 tts1-GFP::ura4+ ura4-D18 leu1-32 ade6 This study  
SO3281 tts1-13Myc::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3283 tts1-3HA::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3406 tts1Δ::ura4+ ura4-D18 leu1-32 ade6 This study  
SO3444 
tts1Δ::ura4+ nup211-GFP::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO3460 cut11-6 tts1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3513 
mid1-GFP::ura4+ tts1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO3565 
cut11-6 tts1Δ::ura4+ Kan::nmt81-GFP-atb2  
pcp1-mCherry::ura4+ uch2-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO3573 
mid1-GFP::ura4+ pcp1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 Lab stock 
SO3575 
mid1-GFP::ura4+ rlc1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO3683 
tts1-GFP::ura4+ rlc1-mCherry:: ura4+  
ura4-D18 leu1-32 ade6 This study  
SO3719 
cut11-GFP::ura4+ pcp1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study 
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SO3721 
tts1Δ::ura4+ cut11-GFP::ura4+  
pcp1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3740 
tts1Δ::ura4+ cut11-GFP::ura4+  
pcp1-mCherry::ura4+ uch2-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO3745 yop1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3749 rtn1-GFP::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3753 yop1-GFP::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3773 
cdc15-140 tts1-GFP::ura4+ rlc1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO3783 
yop1-GFP::ura4+ tts1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study  
SO3789 
tts1-GFP::ura4+ rtn1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO3791 
yop1Δ::ura4+ tts1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO3793 yop1Δ::ura4+ tts1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3795 
tts1Δ::ura4+ yop1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study  
SO3809 
tts1Δ::ura4+ rtn1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO3838 rtn1Δ::ura4+ ura4-D18 leu1-32 ade6 This study  
SO3876 rtn1Δ::ura4+ tts1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO3878 rtn1Δ::ura4+ yop1Δ::ura4+ ura4-D18 leu1-32 ade6 This study  
SO3882 
rtn1Δ::ura4+ tts1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study  
SO3884 
rtn1Δ::ura4+ yop1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study  
SO3940 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO3943 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO3944 
rtn1Δ::ura4+ tts1Δ::ura4+ yop1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO4045 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+  
ost1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4127 tts1-TAP::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4250 
yop1Δ::ura4+rtn1-GFP::ura4+ ura4-D18  
leu1-32 ade6 This study  
SO4251 
yop1Δ::ura4+ tts1Δ::ura4+ rtn1-GFP::ura4+  
ura4-D18 leu1-32 ade6 This study  
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SO4293 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+  
mid1-GFP::ura4+ pcp1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO4297 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+  
Pnmt41-GFP-CHD(rng2)::leu1+ 
pcp1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4303 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+ 
mid1-GFP::ura4+ rlc1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study 
SO4339 
tts1-GFP::ura4+ ost1-mCherry::ura4+  
ura4-D18 leu1-32 ade6 This study  
SO4341 
yop1-GFP::ura4+ ost1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4349 
rtn1Δ::ura4+ tts1-GFP::ura4+ ost1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO4351 
rtn1Δ::ura4+ yop1-GFP::ura4+  
ost1-mCherry::ura4+ura4-D18 leu1-32 ade6 This study 
SO4355 
rtn1Δ::ura4+ yop1Δ::ura4+ tts1Δ::ura4+  
Pnmt41-GFP-CHD(rng2)::leu1+ 
rlc1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4410 
yop1-GFP::ura4+ rlc1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO4412 
rtn1-GFP::ura4+ rlc1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4414 
Pnmt41-GFP-CHD(rng2)::leu1+ 
rlc1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4416 
ost1-GFP::ura4+ rlc1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO4443 
cdc12-112 tts1-GFP::ura4+ uch2-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4461 
mid1-GFP::ura4+ ost1-mCherry::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4466 rtn1-13Myc::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4474 yop1-3HA:: ura4+ ura4-D18 leu1-32 ade6 This study 
SO4503 
rtn1-13Myc::ura4+ tts1-3HA::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4505 
rtn1-13Myc::ura4+ yop1-3HA::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO4575 
tts1-13Myc::ura4+ yop1-3HA::ura4+ 
ura4-D18 leu1-32 ade6 This study  
SO4583 
Pnmt41-GFP-CHD(rng2)::leu1+ 
pcp1-mCherry::ura4+ura4-D18 leu1-32 ade6 This study  
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SO4589 rtn1-3HA::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4593 cdr2-GFP::ura4+ ura4-D18 leu1-32 ade6 Lab stock 
SO4595 
mid1Δ::ura4+ tts1-linker-GFP::ura4+  
rlc1-mcherry::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4620 
cdr2-GFP::ura4+ rtn1Δ::ura4+ yop1Δ::ura4+ 
tts1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4637 
pom1-GFP::KanR+ yop1∆::ura4+ rtn1∆::ura4+  
tts1∆::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4650 
tts1-13Myc::ura4+ rtn1-3HA::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO4655 cut11-6 yop1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4661 cut11-6 rtn1Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO4668 
tts1∆::ura4+ yop1∆::ura4+ rtn1∆::ura4+ 
mid1∆::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4808 Pbip1-GFP-AHDL::leu1+ ura4-D18 leu1-32 ade6 This study  
SO4810 
Pbip1-GFP-AHDL::leu1+ tts1∆::ura4+ 
yop1∆::ura4+ rtn1∆::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4817 
ost1-mCherry::ura4+ Pbip1-GFP-AHDL::leu1+  
yop1∆::ura4+ rtn1∆::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4818 
tts1-GFP::ura4+ Pbip1-mCherry-AHDL::leu1+  
yop1∆::ura4+ rtn1∆::ura4+ ura4-D18 leu1-32 ade6 This study  
SO4851 
ost1-mCherry::ura4+ Pbip1-GFP-AHDL::leu1+ 
ura4-D18 leu1-32 ade6 This study  
SO4853 
tts1-GFP::ura4+ Pbip1-mCherry-AHDL::leu1+ 
ura4-D18 leu1-32 ade6 This study  
SO4857 
mid1-GFP::ura4+ Pbip1-mCherry-AHDL::leu1+ 
ura4-D18 leu1-32 ade6 This study  
SO5048 
tts1Δ::ura4+ rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-GFP::leu1+ 
ura4-D18 ade6 This study 
SO5050 
tts1Δ::ura4+ rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-4TM-GFP::leu1+ 
ura4-D18 ade6 This study 
SO5052 
tts1Δ::ura4+ rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-Cter-GFP::leu1+ 
ura4-D18 ade6 This study 
SO5168 
tts1∆::ura4+ yop1∆::ura4+ rtn1∆::ura4+ 
pom1∆::ura4+ ura4-D18 leu1-32 ade6 This study 
SO5187 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-GFP::leu1+ ura4-D18 ade6 This study 
SO5189 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-4TM-GFP::leu1+ ura4-D18 ade6 This study 
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SO5191 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-Cter-GFP::leu1+ ura4-D18 ade6 This study 
SO5241 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-ΔH3-GFP::leu1+ ura4-D18 ade6 This study 
SO5249 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-2FD-GFP::leu1+ ura4-D18 ade6 This study 
SO5253 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-ΔH3-GFP::leu1+  
ura4-D18 ade6 This study 
SO5259 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-2FD-GFP::leu1+  
ura4-D18 ade6 This study 
SO5356 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-ΔH1-GFP::leu1+ ura4-D18 ade6 This study 
SO5358 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-ΔH1-GFP::leu1+  
ura4-D18 ade6 This study 
SO5364 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-ΔH2-GFP::leu1+ ura4-D18 ade6 This study 
SO5366 
tts1Δ::ura4+  rtn1Δ::ura4+  yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-ΔH2-GFP::leu1+ 
 ura4-D18 ade6 This study 
SO5422 for3Δ::Kan+Pbip1-GFP-AHDL::leu1+ura4-D18ade6 This study 
SO5466 
tts1Δ::ura4+ rtn1-mCherry::ura4+ 
Ptts1-tts1-2TM-Cter-GFP::leu1+ ura4-D18 ade6 This study 
SO5468 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+Ptts1-tts1-2TM-Cter-GFP::leu1
+ ura4-D18 ade6 This study 
SO5506 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-2RI-GFP::leu1+ ura4-D18 ade6 This study 
SO5508 
tts1Δ::ura4+ rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-2RI-GFP::leu1+  
ura4-D18 ade6 This study 
SO5579 
cut11-6 tts1Δ::ura4+  
Ptts1-tts1-GFP::leu1+ ura4-D18 ade6 This study 
SO5581 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-4TM-GFP::leu1+ ura4-D18 ade6 This study 
SO5583 
tts1Δ::ura4+  cut11-6   
Ptts1-tts1-Cter-GFP::leu1+ ura4-D18 ade6 This study 
SO5585 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-2FD-GFP::leu1+ ura4-D18 ade6 This study 
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SO5587 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-ΔH1-GFP::leu1+ ura4-D18 ade6 This study 
SO5589 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-ΔH2-GFP::leu1+ ura4-D18 ade6 This study 
SO5591 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-ΔH3-GFP::leu1+ ura4-D18 ade6 This study 
SO5642 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-2YI-GFP::leu1+  
ura4-D18 ade6 This study 
SO5644 
tts1Δ::ura4+  rtn1Δ::ura4+ yop1Δ::ura4+ 
ost1-mCherry::ura4+ Ptts1-tts1-HA-GFP::leu1+  
ura4-D18 ade6 This study 
SO5648 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-2YI-GFP::leu1+ ura4-D18 ade6 This study 
SO5648 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-HA-GFP::leu1+ ura4-D18 ade6 This study 
SO5652 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-2TM-Cter-GFP::leu1+ ura4-D18 ade6 This study 
SO5698 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-2YI-GFP::leu1+ ura4-D18 ade6 This study 
SO5700 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-HA-GFP::leu1+ ura4-D18 ade6 This study 
SO5962 
Kan::nmt81-GFP-atb2 tts1-mCherry::ura4+  
Pnmt81-GST-NLS-mCherry::leu1+ ura4-D18 ade6 This study 
SO6521 
tts1Δ::ura4+  cut11-6   
Ptts1-tts1-2RI-GFP::leu1+ ura4-D18 ade6 This study 
SO6733 
Pbip1-GFP-AHDL::ura4+Lifeact-mCherry::leu1+ 
ade6 This study 
SO6736 
tts1Δ::ura4+  cut11-6  
Ptts1-tts1-PA-GFP::leu1+ ura4-D18 ade6 This study 
SO6737 
tts1Δ::ura4+  rtn1-mCherry::ura4+  
Ptts1-tts1-PA-GFP::leu1+ ura4-D18 ade6 This study 
SO6738 
tts1Δ::ura4+rtn1Δ::ura4+yop1Δ::ura4+ost1-mCherr
y::ura4+ Ptts1-tts1-PA-GFP::leu1+ ura4-D18 ade6 This study 
SO6829 scs2Δ::ura4+ scs22Δ::ura4+ ura4-D18 leu1-32 ade6 This study 
SO6858 
for3Δ::Kan+scs2Δ::ura4+scs22Δ::ura4+ 
Pbip1-GFP-AHDL::leu1+ ura4-D18 ade6 This study 
SO6879 
myo51∆::ura4+myo52∆::ura4+scs2∆::ura4+scs22∆::
ura4+Pbip1-GFP-AHDL::leu1+ura4-D18 ade6 This study 
SO6899 
scs2∆::ura4+ scs22∆::ura4+ mid1-GFP::ura4+  




scs2Δ::ura4+scs22Δ::ura4+ mid1-GFP::ura4+  
pcp1-mCherry::ura4+ ura4-D18 leu1-32 ade6 This study 
SO6917 
scs2∆::ura4+ scs22∆::ura4+ 
Pbip1-GFP-AHDL::ura4+ This study 
SO6919 
tts1∆::ura4+ yop1∆::ura4+ rtn1∆::ura4+  
scs2∆::ura4+ scs22∆::ura4+ ura4-D18 leu1-32 ade6 This study 
SO6926 
scs2∆::ura4+scs22∆::ura4+Pbip1-GFP-AHDL::ura4
+ Pnmt1-TM-mCherry-CSSist2::leu1+ ade6 This study 
SO6927 
scs2∆::ura4+scs22∆::ura4+Pbip1-GFP-AHDL::ura4
+ Pnmt1-TM-mCherry-PHosh3::leu1+ ade6 This study 
SO6928 
tts1∆::ura4+ yop1∆::ura4+ rtn1∆::ura4+  
scs2∆::ura4+scs22∆::ura4+mid1-GFP::ura4+ 
pcp1-mCherry::ura4+  
Pnmt1-TM-mCherry-CSSist2::leu1+ ura4-D18 ade6 This study 
SO6929 
tts1∆::ura4+ yop1∆::ura4+ rtn1∆::ura4+  
scs2∆::ura4+scs22∆::ura4+mid1-GFP::ura4+ 
pcp1-mCherry::ura4+Pnmt1-TM-mCherry-PHosh3::l
eu1+ura4-D18 ade6 This study 
SO6961 
scs2∆::ura4+ scs22∆::ura4+ mid1-GFP::ura4+  
pcp1-mCherry::ura4+Pnmt1-TM-mCherry-PHosh3::l
eu1+ ura4-D18 ade6 This study 
SO6962 
scs2∆::ura4+ scs22∆::ura4+ mid1-GFP::ura4+  
pcp1-mCherry::ura4+Pnmt1-TM-mCherry-CSSist2::le
u1+ ura4-D18 ade6 This study 
SO6963 
mid1-GFP::ura4+ pcp1-mCherry::ura4+  
Pnmt1-TM-mCherry-PHosh3::leu1+ ura4-D18 ade6 This study 
SO6964 
mid1-GFP::ura4+ pcp1-mCherry::ura4+  
Pnmt1-TM-mCherry-CSSist2::leu1+ ura4-D18 ade6 This study 
SO7000 
Pbip1-GFP-AHDL::ura4+  
Pnmt1-TM-mCherry-CSSist2::leu1+ ade6 This study 
SO7001 
Pbip1-GFP-AHDL::ura4+  
Pnmt1-TM-mCherry-PHosh3::leu1+ ade6 This study 
SO7011 
Pbip1-GFP-AHDL::ura4+  
Pnmt1-TM-mCherry::leu1+ ade6 This study 
SO7012 
scs2∆::ura4+scs22∆::ura4+Pbip1-GFP-AHDL::ura4
+ Pnmt1-TM-mCherry::leu1+ ade6 This study 
SO7013 
scs2∆::ura4+ scs22∆::ura4+ mid1-GFP::ura4+  
pcp1-mCherry::ura4+ Pnmt1-TM-mCherry::leu1+  





a4+Pnmt1-TM-mCherry::leu1+ ura4-D18 ade6 This study 
SO7015 
mid1-GFP::ura4+pcp1-mCherry::ura4+ 
Pnmt1-TM-mCherry::leu1+ ura4-D18 ade6 This study 
SO7017 
scs2-GFP::ura4+ Pbip1-mCherry-AHDL::leu1+  
ura4-D18 ade6 This study 
SO7030 
scs2∆::ura4+ scs22∆::ura4+ GFP-AHDL::ura4+ 
Lifeact-mCherry::leu1+ ura4-D18 ade6 This study 
SO7075 
scs2∆::ura4+ Pbip1-GFP-AHDL::leu1+  
ura4-D18 ade6 This study 
SO7077 
scs22∆::ura4+ Pbip1-GFP-AHDL::leu1+  




::ura4+ura4-D18 leu1-32 ade6 This study 
SO7153 
cdr2-GFP::ura4+ scs2Δ::ura4+ scs22Δ::ura4+ 
ura4-D18 leu1-32 ade6 This study 
SO7163 Prtn1-PHnum1-GFP::ura4+ leu1-32 ade6 This study 
SO7165 Prtn1-PHosh2-GFP::ura4+ leu1-32 ade6 This study 
SO7199 
rtn1Δ::ura4+yop1Δ::ura4+tts1Δ::ura4+ 
Prtn1-PHosh2-GFP::ura4+ leu1-32 ade6 This study 
SO7203 
scs2Δ::ura4+scs22Δ::ura4+Prtn1-PHosh2-GFP::ura
4+leu1-32 ade6 This study 
SO7209 
scs2Δ::ura4+scs22Δ::ura4+Prtn1-PHnum1-GFP::ura
4+leu1-32 ade6 This study 
SO7232 
scs2Δ::ura4+scs22Δ::ura4+Prtn1-PHosh2-GFP::ura
4+Pnmt1-TM-mCherry::leu1+ ade6 This study 
SO7233 
scs2Δ::ura4+scs22Δ::ura4+Prtn1-PHosh2-GFP::ura
4+Pnmt1-TM-mCherry-PHosh3::leu1+ ade6 This study 
SO7234 
scs2Δ::ura4+scs22Δ::ura4+Prtn1-PHosh2-GFP::ura
4+Pnmt1-TM-mCherry-CSSist2::leu1+ ade6 This study 
SO7238 
rtn1Δ::ura4+yop1Δ::ura4+tts1Δ::ura4+ 
Prtn1-PHnum1-GFP::ura4+ leu1-32 ade6 This study 
SO7239 
tts1Δ::ura4+yop1Δ::ura4+rtn1Δ::ura4+scs2Δ::ura4
+scs22Δ::ura4+ Prtn1-PHnum1-GFP::ura4+  
leu1-32 ade6 This study 
SO7240 
tts1Δ::ura4+yop1Δ::ura4+rtn1Δ::ura4+scs2Δ::ura4
+scs22Δ::ura4+ Prtn1-PHosh2-GFP::ura4+ leu1-32 




+scs22Δ::ura4+ Prtn1-PHosh2-GFP::ura4+  
Pnmt1-TM-mCherry::leu1+ ade6 This study 
SO7256 
tts1Δ::ura4+yop1Δ::ura4+rtn1Δ::ura4+scs2Δ::ura4
+scs22Δ::ura4+ Prtn1-PHosh2-GFP::ura4+  




Pnmt1-TM-mCherry-CSSist2::leu1+ ade6 This study 
SO7258 
myo51Δ::ura4+myo52Δ::ura4+ 
Pbip1-GFP-AHDL::leu1+ura4-D18 ade6 This study 
SO7397 
cut11-6Kan::nmt81-GFP-atb2 pcp1-mCherry::ura4+
Pnmt81-GST-NLS-mCherry::leu1+ ura4-D18 ade6 This study 
SO7399 
cut11-6 tts1Δ::ura4+ Kan::nmt81-GFP-atb2  
pcp1-mCherry::ura4+Pnmt81-GST-NLS-mCherry::leu
1+ ura4-D18 ade6 This study 
 
2.1.2 Media and growth conditions  
Media for vegetative growth (YES or EMM with suitable supplements) and genetic 
methods were as described in Moreno et al., 1991. Genetic crosses and sporulation 
were performed on YPD agar plates. Tetrad dissections were performed using a 
Singer MSM micromanipulator.  
To induce the expression of GFP-CHDRgn2 under nmt41 promoter, cells were 
grown in EMM lacking thiamine at 24 oC for 20 hours and shifted to YES for another 
six hours before imaging. To induce the expression of TM-mCherry, 
TM-mCherry-PHOsh3 and TM-mCherry-CSSIst2 under nmt1 promoter, cells were 
grown in EMM lacking thiamine at 24 oC for 20 hours and imaged on the wax-sealed 




2.1.3 Enzymes, antibodies and drugs  
Restriction enzymes used were purchased from New England Biolabs (Beverly, MA, 
USA). Zymolyse was obtained from US Biological (Swampscott, MA, USA). The 
anti-tubulin antibody, TAT-1 was a gift from Dr. K. Gull (University of Oxford, 
Oxford, United Kingdom). Both anti-mouse and anti-rabbit secondary antibodies used 
for immunoflorescence staining were products of Sigma Chemical Company (St. 
Louis, USA). Protein A/G Sepharoses (GE Healthcare) were used to conduct protein 
pull-down assays. Proteins were visualized with Coomassie staining reagent (Bio-Rad) 
and western blot analyses were performed with anti-Myc (Mouse, Roche), anti-Myc 
(Rabbit, Cell signaling), anti-HA (Roche) or anti-GFP (Molecular probes) antibodies 
using the Odyssey Infrared Imaging System (LI-COR Biosciences). 
DNA fluorescent stain 4’, 6-diamidino-2-phenylindole (DAPI) was obtained from 
Sigma-Aldrich (St. Louis, MO). The F-actin stain Alexa Fuor 593 phalloidin was 
obtained from Invitrogen (Karlsruhe, Germany). 
Latrunculin A (LatA), a drug that prevents actin polymerization, from Biomol 
International LP (Plymouth Meeting, PA), was used to deplete actin structures in cells 
at 10 μg/ml final concentration. The microtubule-destabilizing drug methyl-1- 
(butylcarbamoyl)-2-benzimidazolecarbamate (MBC) from Aldrich Chemical was used 
to depolymerize microtubules at 20 μg/ml final concentration. Thiamine was used to 
repress the transcription from nmt1/41/81 promoters (Maundrell, 1990) at the final 
concentration of 5 μg/ml. Cerulenin from Sigma, was used to block the fatty acid 
synthesis in cells at 10 μg/ml final concentration. 
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2.2 Molecular methods 
2.2.1 Recombinant DNA techniques 
Recombinant DNA techniques in this study were carried out as described in 
Molecular Cloning (Sambrook et al., 1989). 
 
2.2.2 LiAc transformation of S. pombe  
1. Grow 20 ml cell culture overnight to reach around 107 cells (OD595=0.5). 
2. Spin down cells at 3,000 rpm for 1 min and wash cells with 1 ml water. 
3. Wash cells with 1 ml LiAc/TE buffer (100 mM LiAc, 10 mM Tris-HCl, 1 mM 
EDTA, pH 7.5) and re-suspend them in 100 μl LiAc/TE. 
4. Add 2 μl of carrier DNA (sonicated salmon sperm DNA, Sigma) and 10 μl 
DNA fragment or plasmid (1-5 μg) into 100 μl cells and incubate them at 
room temperature for 10 min. 
5. Add 240 μl of PEG/LiAc/TE (40% w/v PEG 3550 in 100 mM LiAc, 10 mM 
Tris-HCl, 1 mM EDTA) to cells, gently mix and incubate them at 30 oC for 
45-60 min. 
6. Add 43 μl of DMSO into cells and mix by swirling. Cells are heated at 42 oC 
for 5 min. 
7. Wash the pellet with 1 ml water and re-suspend cells in 0.1 ml water to plate 




2.2.3 Extraction of S. pombe genomic DNA 
1. Grow S. pombe cells overnight to reach around 5×106 cells. 
2. Spin down cells at 3,000 rpm and wash once with 0.5 ml TE buffer. 
3. Re-suspend cells in 0.5 ml digestion buffer (1.2 M sorbitol, 0.1 M EDTA, 2 
mg/ml Zymolyse, 1% v/v β-mercaptoethanol (BME)) and incubate at 37 oC 
for 30 min. 
4. Spin down spheroplasts at 3,000 rpm for 1 min. Re-suspend the pellet in 0.5 
ml lysis buffer (100 mM NaCl, 50 mM EDTA, 50 mM Tris pH 9.0), then 
shortly add 50 μl 10% SDS and 10 μl 20 mg/ml proteinase K before 
incubation at 65 oC for 15 min. 
5. Cool down the sample on ice then mix it with 200 μl 5 M KAc. 
6. Spin the sample at 14,000 rpm for 5 min at 4 oC. Collect the supernatant and 
mix it with isopropanol of the equal volume to precipitate DNA.  
7. Spin down DNA at 14,000 rpm for 5 min at 4 oC. Air-dry the pellet and 
dissolve it in 40 μl water. 
8. Store the genomic DNA at -20 oC.  
 
2.3 High-copy suppressor screening for cut11-6 
1. cut11-6 cells were transformed with fission yeast high copy plasmid library. 
2. Cells were plated on leucine-deficient EMM plates and incubated at 24 oC. 
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3. Plates were shifted to 36 oC when tiny colonies emerged. The healthy growing 
colonies at 36 oC were the candidates that containing potential high-copy 
suppressors. 
4. Extract the plasmids from these candidates and sequence the contained 
genomic fragments. 
5. Confirm the suppressors by repeating 1-3 procedure using the reengineered 
plasmids solely expressing the suppressors. 
 
2.4 Construction of S. pombe strains 
2.4.1 Designs of artificial constructs 
The promoter and coding sequences for expression of the ER luminal marker 
GFP-AHDL were introduced at the leu1 or ura4 genomic locus using the S. pombe 
integration vector pJK148 or pJK210 respectively. GFP-AHDL protein was designed 
by introducing the signal peptide sequence (25 N-terminal amino acids) and 
ER-retention signal (5 C-terminal amino acids) of Bip1 to the N- and C-terminus the 
GFP respectively. Expression of GFP-AHDL construct was driven by bip1 promoter 
sequence consisting of 1000 bp upstream from the start codon. Identical strategy was 
used for mCherry-AHDL construct.  
   To construct the artificial ER-PM tethers, the transmembrane anchor consisting of 
the N-terminal 88 amino acids of the integral ER protein Tts1 was fused to mCherry 
followed by the phosphoinositide binding motifs. The PH domain was derived from the 
S. pombe Osh3 (SPAC23H4.01c; amino acids 150-245) and the CSS originated from 
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the budding yeast Ist2 (amino acids 878-946) (Ercan et al., 2009). These constructs 
were integrated into the leu1 genomic locus under the control of the 
thiamine-repressible promoter nmt1. Expression of these constructs was induced in the 
minimal media lacking thiamine for 20 hours. 
GFP fused PH domains from budding yeast Osh2 and Num1 were generated as in 
vivo markers for phosphatidylinositol 4-phosphate (PI4P) and phosphatidylinositol 
4,5-biphosphate (PtdIns(4,5)P2) respectively. The constructs were created as described 
in Yu et al., 2004, and integrated into the leu1 genomic locus under the control of S. 
pombe rtn1 promoter.  
 
2.4.2 Construction of knock out mutants 
To generate null mutants of S. pombe strains, gene coding regions were replaced with 
ura4 gene. The long primer pairs containing 5’ and 3’ flanking sequences of target 
genes were used to amplify the ura4 gene by PCR. The purified PCR products were 
introduced into uracil heterotrophic cells by LiAc transformation (for details, see 
2.2.2). Uracil autotrophs were further confirmed by PCR analysis. 
 
2.4.3 Epitope tagging of genes 
All chromosomally tagged genes were created through homologous recombination. 
pJK210 plasmids, containing the aimed genes fused with cDNA of tags at their 5’ or 
3’ ends, were used for integration at native genomic loci as described previously 
(Keeney and Boeke, 1994). Scs2-GFP was generated by inserting the GFP between 
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360th and 361st amino acids of Scs2 at its endogenous locus under the control of the 
native promoter. Uracil autotrophs were confirmed by PCR or western blot analysis 
for antigen tags.  
The artificial constructs designed in this study were cloned into pJK210 or 
pJK148 vector with assigned promoters. These constructs were integrated at either 
ura4 (for pJK210) or leu1 (for pJK148) locus to generate genetically stable yeast 
strains.  
 
2.4.4 Generation of tts1 mutants 
The tts1 promoter and coding sequences of tts1 mutants were introduced at the leu1 
using the integration vector pJK148 in cells of tts1Δ background. 
 
2.4.5 Generation of cells over-expressing Tts1 
The open reading frame of tts1 was cloned into pREP1 plasmid which contains a 
repressible nmt1 promoter. In the presence of thiamine, nmt1 promoter is largely 
repressed yet with a low level of basal expression. In the absence of thiamine, the 
nmt1 promoter is fully active. The resulting plasmid was then transformed into S. 







2.5.1 TCA protein precipitation 
1. Grow 50 ml S. pombe cell culture overnight till OD595 reaching 0.5. 
2. Spin down cells and wash them with 1×TE. 
3. Mix the 240 μl lysis buffer (1.85 M NaOH, 1.06 M BME) with the cells and 
incubate the cell lysate on ice for 10 min. 
4. Add 36 μl 100% TCA (trichloroacetic acid) to the cell lysate to precipitate the 
proteins. Incubate the mixture on ice for 10 min. 
5. Spin down the protein precipitate at 14,000 rpm for 10 min in cold room. 
6. Wash the protein pellet with cold acetone (prechilled in -20 oC) and air-dry the 
pellet. 
7. Dissolve the protein pellet in 50 μl denaturing buffer (8 M urea, 50 mM 
Tris-HCl pH 6.8, 2% SDS, 0.1% bromophenol blue). Boil the sample at 95 oC 
for 5 min and keep at -20 oC for further analysis. 
 
2.5.2 Yeast total protein extraction 
1. Grow 50 ml S. pombe cell culture overnight till OD595 reaching 0.5. 
2. Spin down cells and wash the pellet with NP-40 buffer (6 mM Na2HPO4, 4 
mM NaH2PO4.H2O, 1% v/v NONIDETP-40 (NP-40), 150 mM NaCl, 2 mM 
EDTA, 50 mM NaF, 4 μg/ml leupeptin, 0.1 mM Na3VO4) supplemented with 
protease inhibitors: adding 75 μl 0.5 M benzamidine-HCl/ethanol, 250 μl 0.1 
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M PMSF (phenylmethanesulfonyl fluoride/ethanol) and half a tablet of 
EDTA-free protease inhibitor cocktail (Roche) for 25 ml NP-40 buffer, 
3. Re-suspend cells in 100 μl buffer and fill the eppendorf tube with glass beads. 
4. Use the glass bead beater, beat for 0.5 min for 5 times. 
5. Add 200 μl more buffer into the tube and poke a hole at the base of the tube. 
6. Put the tube onto a new eppendorf tube and spin at 2,000 rpm for 2 min in 
cold room. 
7. Spin once more at 3,000 rpm for 1 min to precipitate the cell debris. 




1. Extract total yeast protein from sample strains as described in 2.5.2. 
2. Mix 2-5 μl antibodies to 300 μl protein extracts and incubate the mixture on        
the rotor in the cold room. 
3. Add 100 μl pre-washed Protein A Sepharose or 50 μl Protein G Sepharose and 
incubate the mixture on the rotor in the cold room. 
4. Spin down the Sepharose beads at 5,000 rpm for 1 min and discard the 
supernatant. 
5. Wash the Sepharose beads with NP-40 buffer supplemented with the protease 
inhibitors and discard the supernatant, repeat 5 times. 
43 
6. Add 50 μl 2×sample buffer (125 mM Tris-HCl pH 6.8, 2% SDS, 17.4% 
Glycerol, 10% ΒΜΕ, 0.1% bromophenol blue) to Sepharose beads. Boil 
samples at 95 oC for 5 min and store at -20 oC for further analysis. 
 
2.5.4 Western Blot 
1. After SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 
electrophoresis), proteins were transferred to a nitrocellulose or PVDF 
(Polyvinylidene fluoride) membrane at a constant voltage of 100 V for 1 hour. 
PVDF membrane was pre-wet in 100% methanol. Transfer buffer: 25 mM 
Tris-HCl pH 8.3, 192 mM glycine, 20% v/v methanol. 
2. Block the membrane in blocking buffer (5% w/v milk, 0.05% v/v Tween-20 
in PBS) or Odyssey Blocking Buffer (LI-COR Biosciences) with gentle 
agitation for 30 min. 
3. Probe the membrane with primary antibody diluted (1:2,000) in blocking 
buffer with gentle agitation for 1 hour at room temperature or overnight at 4 
oC. 
4. Wash the membrane with washing buffer (0.05% v/v Tween-20 in PBS) 3 
times for 5 min each with gentle agitation. 
5. Probe the membrane with secondary antibody diluted (1:10,000) in blocking 
buffer with gentle agitation for 0.5-1 hour at room temperature. Protect the 
membrane from light hereafter if using Odyssey Infrared Imaging System. 
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6. Wash the membrane with washing buffer (0.05% v/v Tween 20 in PBS) 5 
times for 5-10 min each with gentle agitation. 
7. ELC (enhanced chemiluminescence) detection. Incubate the membrane with 
equal volume of HRP (horseradish peroxidase) substrate peroxide solution 
(100 mM Tris-HCl pH 8.5, 0.018% H2O2 (30% as stock)) and HRP substrate 
luminol reagent (100 mM Tris-HCl pH 8.5, 2.5 mM Luminol (250 mM as 
stock dissolved in DMSO), 0.4 mM ρ-coumaric acid (90 mM as stock 
dissolved in DMSO)) for 1 min with gentle agitation. Wrap the membrane in 
plastic wrap and expose to x-ray film. 
8. Odyssey detection. Scan the membrane using the Odyssey Infrared Imaging 
System. 
 
2.5.5 TAP affinity purification 
1. Grow 2-10 L of yeast culture to OD595=0.5-0.7 (1.0-1.4×107 cells). Pellet 
cells (~3000 rpm) and combine pellets into a 50 ml falcon tube. The pellets 
may be frozen in liquid nitrogen and stored at -80 ºC. 
2. Wash pellet twice with NP-40 buffer supplemented with protease inhibitors 
(as described in 2.5.2). Add the least amount of NP-40 buffer to liquefy the 
pellet. 
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3. Pre-wash glass beads with NP-40 buffer. Fill up several 2 ml eppendorf tubes 
with beads to 1.5 ml level. Add cell pellet until the liquid reaches the 1 ml 
level. Distribute the pellet into as many 2 ml tubes as needed.  
4. Lyse cells with 30 seconds bursts followed by 2 min pauses for three to five 
times. Check the lysis efficiency by light microscopy. 
5. For each tube poke the tube bottom and spin out the lysate into a new 
eppendorf tube at 2000 rpm. Add 300 μl of NP-40, vortex gently and spin out 
into the bottom eppendorf at 3000 rpm for 5 min in a tabletop centrifuge. Pull 
together the supernatants together in a 15 ml falcon tube.  
6. Wash 400 μl IgG Sepharose beads with NP-40 and re-suspend in NP-40 to a 
total volume of 400 μl. 
7. Add pre-washed IgG Sepharose beads to the cell lysate and incubate on a 
rotating platform for 1 hour at 4 ºC. 
8. Transfer the solution onto a BioRad Poly-Prep Chromatography Column (0.8 
×4 cm). Use funnel if needed. Allow column to pack by gravity. 
9. Wash column beads three times with 10 ml of IPP150 (10 mM Tris-HCl pH 
8.0, 0.1% NP-40, 150 mM NaCl). While adding buffer provide sufficient force 
to throw beads up into the buffer for better washing. 
10. Wash beads with 10 ml of freshly prepared TEV Cleavage Buffer (10 mM 
Tris-HCl pH 8.0, 0.1% NP-40, 150 mM NaCl, 0.5 mM EDTA, 1.0 mM DTT). 
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11. Close the bottom of the column with a stopper, add 1 ml of TEV Cleavage 
Buffer containing 300-500U TEV (tobacco etch virus) protease. Plug top of 
the column and incubate on a rotating platform for 1.5 hours at 16 ºC. 
12. Drain elutes into a new column that has been sealed at the bottom and wash 
out the old column with 1 ml of TEV Cleavage Buffer. 
13. Add 3 volumes of CBB (10 mM Tris-HCl pH 8.0, 0.1% NP-40, 150 mM NaCl, 
1 mM Mg2+ acetate, 1 mM imidazole, 2 mM CaCl2, 10 mM BME) to the TEV 
supernatant in the new column. 
14. Add 3 μl of 1M CaCl2 per ml of IgG elute. 
15. Wash 300 μl Calmodulin resin with CBB (0.1% NP-40) and re-suspend in 
CBB (0.1% NP-40) to a total volume of 300 μl. 
16. Add prewashed Calmodulin resin to the column. Close the lid and incubate for 
on rotating platform for 1 hour at 4 ºC.  
17. Wash beads twice with 1 ml of CBB (0.1% NP-40). 
18. Wash beads once with 1 ml of CBB (0.02% NP-40). 
19. Elute with 1ml of CEB (10 mM Tris-HCl pH 8.0, 0.02% NP-40, 150 mM 
NaCl, 1 mM Mg2+ acetate, 1 mM imidazole, 20 mM EGTA, 10 mM BME) 
into a single tube and elute with another 1 ml of CEB (0.02% NP-40) into a 
second tube. 
47 
20. The elutes are TCA precipitated by adjusting them to 25% TCA with 100% 
TCA, placing them on ice for 30 min with periodic vortexing and spinning 
them down at max speed for 30 min at 4 ºC. Wash TCA pellets once with 1 ml 
of -20 ºC acetone and spin at max speed for 5 min at 4 ºC. Remove 
supernatants and dry pellets. 
 
2.6 Cell biology and microscopy 
2.6.1 Generation of S. pombe spheroplasts 
1. Collect exponential growing cells. 
2. Re-suspend cells in digestion buffer (5 mg/ml lysing enzyme, 3 mg/ml 
zymolase, 1.2 M sorbitol in PBS). 
3. Incubate the mixture at room temperature for 15-20 min and look for 
spheroplasts under microscope. 
 
2.6.2 Immunofluorescence staining  
1. Culture S. pombe cells overnight till OD595 reaching around 0.5. 
2. For formaldehyde fixation, 37% formaldehyde was added into liquid cell 
culture to the final 7.4% concentration. Samples were immediately mixed by 
inversion and incubated for 10 min. For methanol fixation, cells were spun 
down and cell pellet was re-suspended in 8 ml cold methanol (prechilled in 
-20 oC) at -20 oC for 8 min. 
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3. Spin down the cells and wash the pellet with 20 ml PBS buffer twice. Keep 
the fixed cells on the ice. 
4. Wash the pellet with 1ml of 1.2 M sorbitol/PBS and re-suspend cells in 140 μl 
of 1.2 M sorbitol/PBS. 
5. Mix 60 μl of digestion buffer with cells and incubate the mixture at room 
temperature for 5-10 min. Check the disintegration of the cell wall under 
microscope. 
6. Add 1 ml PBS + 1% Triton X-100 to stop cell wall digestion and to 
permeabilize the plasma membrane. Spin down cell at 3,000 rpm for 1 min. 
7. Wash the pellet with PBS and then with PBAL buffer (1% BSA, 100 mM 
lysine-hydrochloride, 50 μg/ml carbenicilin, 1 mM sodium azide, in PBS). 
Block in 1 ml PBAL at room temperature for 1 hour. 
8. Re-suspend cells in 200 μl PBAL with 0.5 μl primary antibodies. Incubate the 
mixture at room temperature on the rotor for 3 hours. 
9. Wash cells 3 times with 500 μl PBAL and re-suspend them in 200 μl PBAL 
with 1 μl secondary antibodies. Incubate the mixture at room temperature on 
the rotor for 1 hour. 
10. Wash cells 3 times with 500 μl PBAL and re-suspend in 50 μl of PBAL and 
stored at 4 oC.  
 
2.6.3 Epifluorescent microscopy 
Epifluorescence still images were collected using mercury lamp as an illumination 
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source with appropriate sets of filters on a Zeiss Axiovert 200M (Plan Apochromat 
100X, 1.4 N.A. objective) microscope equipped with CoolSnap camera (Photometrics, 
Tucson, AZ) and Uniblitz shutter driver (Photonics, Rochester, NY) under the control 
of Metamorph software package (Universal Imaging, Sunnyvale, CA). Typically, we 
acquired image stacks that consisted of nine sections of 0.5 µm spacing. The z-stack 
maximum projection images shown were obtained by using Metamorph built-in 
module (Universal Imaging, West Chester, PA). 
 
2.6.4 Scanning confocal microscopy 
Scanning confocal microscopy was performed on a LSM 510 microscope (Carl Zeiss, 
Inc.) equipped with Plan Apochromat 100X, 1.4 N.A. objective lens, a 488-nm argon 
laser (for GFP excitation), and a 543-nm HeNe laser (for mCherry excitation). Typical 
Z-stack images were taken with 0.5 µm spacing or 0.2 µm spacing for 3D rendering. 
The z-stack maximum projection images shown were obtained by using ImageJ 1.43a 
software package (http://rsb.info.nih.gov/ij/; National Institutes of Health, Bethesda, 
MD). Imaging was performed on S. pombe cells placed in sealed growth chambers 
containing 2% agarose YES medium. 
 
2.6.5 Time-lapse fluorescent microscopy 
Time-lapse fluorescent microscopy images were generated on a Zeiss Axiovert 200M 
(Plan Apochromat 100X, 1.4 N.A. objective) microscope equipped with UltraView 
RS-3 confocal system: CSU21 confocal optical scanner, 12-bit digital cooled 
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Hamamatsu Orca-ER camera (OPELCO, Sterling, VA) and a DPSS 491 nm 100 mW 
and DPSS 561 nm 50 mW laser illumination under the control of MetaMorph Premier 
Ver. 7.7.5 (Universal Imaging, West Chester, PA). A typical image stack taken every 
one or two minutes was consisted of 7 sections of 0.5 μm spacing. 
 
2.7 Image analysis 
2.7.1 3D rendering  
The scanning confocal Z-stack images were taken with 0.2 µm spacing. Image 
deconvolution was performed using adaptive point spread function module in 
Autoquant (Media Cybernetics, Bethesda, MD). 3D rendering was carried out using 
Imaris software module (Bitplane, South Windsor, CT, USA). 
 
2.7.2 Quantification of the cortical tubular ER domains 
The individual cell territory at the top plane was manually outlined based on the 
bright-field image. To perform the fluorescence distribution analyses (Figure 
3.2.1.2B-D), we first deconvolved z-stack images using AutoDeblur software. Next, 
the top planes from the deconvolved z-stacks were auto-thresholded in ImageJ. The 
number and size of fluorescent structures were measured by “analyze particles” 
ImageJ built-in module within the cell territory. Structures equal or larger than 4×4 
pixels (0.24×0.24 µm) were used in further analyses. Occupancy was the ratio of the 
total fluorescent area to the area of the outlined cell territory. The values shown were 
normalized to wild type. 
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2.7.3 Mid1-GFP intensity profiling  
Mid1-GFP intensity profiles (Figure 3.2.2.2B and Figure 3.2.3.2C) were created from 
sum-intensity projections of scanning confocal z-stacks (9 sections, 0.5 µm spacing). 
Individual cells were outlined manually and rotated to orient their long axis 
horizontally. ImageJ was used to create an intensity profile along the central long axis. 
The positional information was normalized as the percentage of the cell length. 
   Mid1-GFP containing nodes (Figure 3.2.2.2C) in the central focal plane of 
confocal z-stacks were manually outlined. Their mean intensity was measured by 
“Measure” ImageJ built-in module and corrected for cellular background. 
Kymographs of Mid1-GFP in Figure 3.2.2.2A were obtained using 
“MultipleKymograph” built-in plugin in ImageJ within the indicated regions. 
 
2.7.4 Quantification of the specificity of Tts1 mutants in the tubular ER 
localization 
tts1Δ cells co-expressing Rtn1-mCherry and GFP-fused Tts1 mutants or wild type 
Tts1 were used to examine the specificity of Tts1 mutants in tubular ER localization 
(Figure 3.3.5.1B). Rtn1-mCherry positive regions were considered as the tubular ER 
domains. Specificity was the ratio of the average GFP fluorescent intensity in 
Rtn1-mCherry marked regions to that in the rest of the cell territory. The values 
shown were normalized to the wild type. 
   The individual cell territory at the top plane was manually outlined based on the 
bright-field image. The top planes from z-stacks of Rtn1-mCherry were 
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auto-thresholded in ImageJ. The fluorescent structures equal or larger than 4×4 
pixels (0.24×0.24 µm) were counted as tubular domains. The position and size of 
these fluorescent structures were measured by “analyze particles” ImageJ built-in 
module within the cell territory. 
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Chapter III Results 
3.1 Roles of the actin cytoskeleton in structuring the cortical ER in S. pombe 
3.1.1 Extension of the cortical ER to the growing cell tips requires actin cables 
and type V myosins 
The endoplasmic reticulum (ER) is a large membrane organelle, consisting of the 
sheet-like nuclear envelope, and the peripheral ER which is further divided into flat 
cisternae and interconnected membrane tubules sharing a continuous lumen. In yeast 
cells, the peripheral ER, also named as the cortical ER, predominately localizes 
underneath the plasma membrane (PM) (Pidoux and Armstrong, 1993; Prinz et al., 
2000). How the cortical ER remodels and extends in accordance with the overall 
expansion of the cell membrane during growth is not well understood. The rod-shaped 
fission yeast S. pombe exhibits a polarized tip growth, offering a great model to study 
the dynamics of the cortical ER beneath the extending plasma membrane.  
   We therefore performed the time-lapse analysis of wild-type cells expressing the 
artificial luminal ER marker GFP-AHDL which marks all ER compartments (see 
2.4.1 for details of marker construction). Interestingly, the ER appeared to be 
consistently associated with the non-growing cell periphery, while it repeatedly 
attached and detached from the growing ends (Figure. 3.1.1A). We also observed fast 
long-range movements of the ER tubules from the cell side towards the cell ends. The 
ER tubules seemed to be stretched along the actin cables towards cell tips at the 
average speed of 0.40 ± 0.11 μm/s (n=15 events; data not shown). Such a range of 
velocities strongly indicated the involvement of type V myosins in transporting the 
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ER tubules into the growing zones (Grallert et al., 2007). 
Accordingly, we examined the cortical ER tip extension in cells deficient of 
interphase actin cables and lacking both type V myosins (Win et al., 2001) 
respectively. For3 is the non-essential formin required for the interphase actin cable 
formation (Feierbach and Chang, 2001). Unlike in wild-type cells, the cortical ER was 
often absent from the cell tips in for3Δ cells (Figure 3.1.1B; 57.6%; n=125 cells).  
Likewise, the similar defect in the ER tip extension was seen in myo51Δ myo52Δ cells 
(Figure 3.1.1B; 58.0%; n=100 cells), indicating that the actomyosin system functions 
in transporting the ER into the cell tips similar to budding yeast (Estrada et al., 2003) 
and Purkinje neurons (Wagner et al., 2011). Notably, in these mutant cells the cortical 
ER remained attached at the cell sides and we did not observe gross abnormalities in 
overall ER morphology. Thus, the peripheral ER in fission yeast is associated with the 
non-growing cell cortex and effectively delivered into the growing cell ends by type V 
myosins via actin cables concomitantly with the cell growth. 
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Figure 3.1.1 
Efficient recruitment of the cortical ER to interphase cell tips is dependent on 
intact actin cables and type V myosins. 
(A) Time-lapse single z-plane images of wild-type (WT) cells expressing the artificial 
intraluminal ER marker, GFP-AHDL. Recruitment of the ER elements to the growing 
cell tips is indicated by the solid arrows, while the ER detachment from the tips is 
denoted by the outlined arrows. The elapsed time is shown in minutes. (B) Maximum 
z-projections of deconvolved epifluorescence images of GFP-AHDL in cells with the 
indicated genetic backgrounds. Arrows point out cell tips devoid of the ER structures. 




3.1.2 VAP proteins are required for attaching the cortical ER to the PM in 
fission yeast 
What mediates the contacts between the cortical ER and the lateral PM is largely 
unknown. Conceivably, multiple interactions among the resident proteins of the ER 
and the PM could provide a basis for their association. The emerging evidence has 
implied that the vesicle-associated membrane protein-associated (VAP) proteins may 
function in lipid metabolism at the ER membrane contact sites interacting with 
proteins residing at membranes from other organelles (reviewed in Lev et al., 2008; 
Loewen et al., 2007; Stefan et al., 2011).  
The S. pombe genome encodes two VAP homologues Scs2 (SPBC16G5.05c) and 
Scs22 (SPAC17C9.12). I inspected the ER distribution in cells lacking both VAP 
proteins using the artificial luminal ER marker GFP-AHDL. Intriguingly, the cortical 
ER in scs2Δ scs22Δ cells was mostly dissociated from the cell periphery into the 
cytoplasm and strongly accumulated at the cell tips (Figure 3.1.2A). In fact, the 
removal of Scs2 alone was sufficient to abolish most of the ER-PM contacts, 
consistent with its preferential localization to the lateral cortex (Figure 3.1.2B and C). 
We then wondered whether the pulling force from the actomyosin cytoskeleton 
also contributed to the cortical ER detachment in scs2Δ scs22Δ cells. The actin 
structures marked by Lifeact-mCherry (Riedl et al., 2008; unpublished data of Huang 
et al. from Balasubramanian’s group) in scs2Δ scs22Δ cells did not obviously differ 
from that in wild-type cells (Figure 3.1.2D). Surprisingly, the further removal of either 
For3 (hence the interphase actin cables) or type V myosins in scs2Δ scs22Δ cells 
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caused the loss of polarized growth (Figure 3.1.2E). The cortical ER remained 
detached from the cortex and no tip accumulation of the ER was seen in these cells. 
Therefore, the actomyosin cytoskeleton seemed to have no direct effect on the 
membrane association between the ER and the PM. It also appears that the ER 
accumulation at the tips of the scs2Δ scs22Δ cells ends is resulted from the loss of the 
cortical anchorage and the continued delivery of the ER membranes to the cell ends.  
I concluded that the VAP proteins were required for the ER-PM tethering in 
fission yeast. Moreover, Scs2 and Scs22 appear to participate in cell shape 
maintenance together with the actomyosin cytoskeleton in S. pombe, likely through 
their potential roles in phosphoinositide metabolism and the exocytic vesicle tethering 
(discussed in 4.2; reviewed in Lev et al., 2008; Bendezu and Martin, 2010).  
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Figure 3.1.2 
The VAP proteins Scs2 and Scs22 link the ER to the lateral cortex in S. pombe.  
(A) Scanning confocal micrographs of WT and scs2∆ scs22∆ cells expressing 
GFP-AHDL (left panel) and corresponding 3D-rendered views of the cell center 
(middle panel) and the cell cortex (right panel). (B) Scanning confocal micrographs at 
the central focal plane of WT cells co-expressing Scs2-GFP and mCherry-AHDL (See 
2.4.3 for the construction of Scs2-GFP). Scs2-GFP intensity is diminished at the 
growing cell tips, as indicated by the outlined arrows. (C) Scanning confocal 
micrographs of scs2∆ and scs22∆ cells expressing GFP-AHDL. Shown are the central 
focal planes. (D) Maximum z-projections of epifluorescence images of GFP-AHDL 
(top) and Lifeact-mCherry (bottom) in cells with the indicated genetic backgrounds. (E) 
Scanning confocal micrographs of GFP-AHDL at the cell center in cells with indicated 




3.1.3 The cortical ER is a compartmentalized network of sheets and tubules 
3.1.3.1 The tubular ER is accumulated at the mitotic cell equator 
How the cortical ER is morphologically organized in fission yeast has not been 
described. A set of conserved ER membrane proteins has been shown to contribute to 
the formation of ER tubules; reticulon/Rtn1 and DP1/Yop1 family proteins are two of 
such families (Voeltz et al., 2006; Hu et al., 2008). They specifically localize to the 
tubular ER and stabilize these high-curvature membranes through a mechanism 
invoking the wedge-shaped transmembrane topology and oligomerization properties 
(Voeltz et al., 2006; Shibata et al., 2008).  
   The S. pombe genome encodes a single reticulon and a single DP1/Yop1 family 
protein, which we term Rtn1 (SPBC31A8.01C) and Yop1 (SPCC830.08C). Rtn1-GFP 
expressed from its native locus predominantly localized to the peripheral ER in a 
discrete pattern and was largely excluded from the NE, consistent with its localization 
in budding yeast (De Craene et al., 2006). On the other hand, Yop1-GFP localized to 
both the peripheral ER and the NE (Figure 3.1.3.1A and B). Interestingly, Rtn1 and 
Yop1 accumulated at the cell equator during mitosis, following the assembly of the 
actomyosin ring, as visualized by the myosin II regulatory light chain Rlc1-mCherry 
(Le Goff et al., 2000) (Figure 3.1.3.1A).  
From a genetic screen for modulators of Cut11 function in the spindle pole 
body/NE interaction (West et al., 1998) (detailed in 3.3.1), I identified an evolutionary 
conserved transmembrane protein (SPBC1539.04) with a strikingly similar 
subcellular distribution (Figure 3.1.3.1A and B). This protein, which we named Tts1 
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(tetra-spanning protein 1), localized to the NE and was also enriched in the peripheral 
ER compartment containing Rtn1 and Yop1 (Figure 3.1.3.1B). The ER segments 
marked by Tts1, Rtn1 and Yop1 were distinct from the membranes containing the ER 
resident protein oligosaccharidetransferase Ost1 (Vjestica et al., 2008) (Figure 
3.1.3.1A and C). Consistently, Tts1 was enriched at the cell equator during mitosis 
together with Rtn1 and Yop1, unlike Ost1 (Vjestica et al., 2008) and translocon 
subunit Sec63 (Figure 3.1.3.1B and data not shown). Notably, these two separate 
domains together appeared to cover the entire ER network. 
Thus, the peripheral ER in fission yeast seems to be organized as an intricately 
compartmentalized network of reticulon-enriched domains that are presumably with 
high-curvature (tubular) and Ost1-positive elements that are supposed to adopt 
low-curvature (cisternal). In addition, the presumable ER tubules accumulate at the 
cell equatorial region during mitosis. 
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Figure 3.1.3.1 
Rtn1, Yop1 and Tts1 co-localize in the cortical ER and accumulate at the mitotic 
cell equator.  
(A) Localization of GFP-fused proteins at cell cycle stages indicated by co-expressed 
myosin light chain Rlc1-mCherry as the actomyosin ring marker. Shown are 
maximum z-projections of epifluorescence micrographs. (B) Scanning confocal 
micrographs of cells expressing indicated proteins. Shown are top and middle planes 
from z-stacks. (C) Scanning confocal micrographs of WT cells co-expressing 
Ost1-mCherry and Tts1-GFP (left panel) or Ost1-mCherry and Yop1-GFP (right 




3.1.3.2 The equatorial accumulation of the tubular ER depends on the 
actomyosin ring and Mid1 during mitosis 
Given that the initiation of the tubular ER accumulation was concomitant with 
actomyosin ring assembly and the fact that the ring has been shown to recruit the 
transitional ER (tER) to the division site (Vjestica et al., 2008), we hypothesized that 
the ring might function in a similar way to determine the tubular ER polarization at 
the equator of the mitotic cell. 
To test this idea, I first treated cells expressing Tts1-GFP with the actin 
polymerization inhibitor latrunculin A (LatA) at a concentration of 10μM for 30 
minutes and confirmed the depolymerization of the actin structures by staining fixed 
cells with fluorescently labelled phalloidin. I observed that the accumulation of the 
tubular ER marked by Tts1-GFP was abolished at the equator of binucleate cells after 
LatA treatment (Figure 3.1.3.2A), suggesting that an intact actin cytoskeleton was 
required for the tubular ER enrichment in the medial plane during mitosis.  
Since most cells completed anaphase in a time frame required for LatA 
application, I utilized temperature-sensitive mutants with defects in ring assembly, 
including cdc12-112 (Chang et al., 1997) and cdc4-8 (McCollum et al., 1995), and 
also introduced Uch2-mCherry to visualize the dividing nucleus. I typically grew 
cdc12-112 cells overnight at the permissive temperature of 24°C and then shifted the 
culture to the restrictive temperature of 36°C for 45 min before microscopy at 36°C. I 
found a compete loss of Tts1 accumulation at the mitotic cell equator (Figure 
3.1.3.2B), and a similar result was obtained by analyzing cdc4-8 cells (data not 
66 
shown). Therefore, the actomyosin ring is essential for the medial accumulation of the 
ER tubules during mitosis. 
The tER polarization at the cleavage site is dependent on the function of the 
FCH-Bar protein Cdc15 (Vjestica et al., 2008). We wondered whether functional 
Cdc15 could also be necessary for Tts1 accumulation. I thus performed time-lapse 
analyses of temperature-sensitive cdc15-140 mutant cells expressing Tts1-GFP and 
Rlc1-mCherry grown overnight at 24°C and shifted to 36°C for 45 min before 
imaging. At 36°C, cdc15-140 cells could form actomyosin rings in early mitosis but 
these rings failed to persist or constrict upon SIN (septation initiation network) 
activation (Wachtler et al., 2006). Unlike the tER marked by Sec24-GFP (Vjestica et 
al., 2008), the tubular ER indicated by Tts1-GFP in cdc15-140 cells accumulated in 
the medial region concomitantly with ring assembly but such an accumulation was 
later abolished when the ring disassembled (Figure 3.1.3.2C, 6/6 cells). These 
observations further confirmed that the actomyosin ring but not Cdc15 function was 
required for the tubular ER accumulation at the mitotic cell equator. 
The plasma membrane-associated Mid1, the key determinator of the division site 
selection, is known to recruit ring components to the future division site for the ring 
assembly (Celton-Morizur et al., 2004; Wu et al., 2006). It is possible that Mid1 
could be required for the tubular ER medial gathering and especially for its initiation 
at the cell equator. Knowing that cells lacking Mid1 are able to form the actomyosin 
rings, albeit with delayed kinetics and different cell cycle requirements (Huang et al., 
2008), I examined the distribution of the ER tubules marked by Tts1-GFP in mid1Δ 
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background using Rlc1-mCherry to visualize the actomyosin ring structure. I 
observed the loss of Tts1 accumulation from metaphase onwards in these cells 
regardless of the eventual formation of rings (Figure 3.1.3.2D), indicating that the 
accumulation of the ER tubules depended on Mid1 and the actomyosin structures per 
se were not sufficient for its establishment. However, we cannot eventually rule out 
the possibility that the timing of ring formation might be crucial for this 
accumulation. 
Taken together, we concluded that the medial accumulation of the tubular ER 
during mitosis depended on the actomyosin ring and Mid1 function. 
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Figure 3.1.3.2 
Accumulation of the tubular ER at the mitotic cell equator depends on the 
actomyosin ring and Mid1. 
(A) WT cells expressing Tts1-GFP were treated with DMSO (top) or 10 μM LatA 
(bottom) for 30 min. Shown are maximum z-projections of epifluorescence 
micrographs. (B) Localization of Tts1-GFP in WT and cdc12-112 cells co-expressing 
Uch2-mCherry as the NE marker at 36°C. Cells were grown overnight at 24°C and 
shifted to 36°C for 30 min before imaging. The right panel is the quantification for the 
medial accumulation of Tts1-GFP in binucleate cells, n=100. The solid arrow 
indicates the medial accumulation of Tts1-GFP; the outlined arrows indicate the lack 
of the medial accumulation. (C) Temperature-sensitive cdc15-140 mutant cells 
expressing Tts1-GFP and the actomyosin-ring marker Rlc1-mCherry were treated as 
in (B) and imaged by time-lapse spinning disk confocal microscopy at 36°C. The 
elapsed time is shown in minutes. (D) Localization of Tts1-GFP in WT and mid1Δ 
cells during mitosis, as indicated by Rlc1-mCherry. The right panel is the 
quantification for the medial accumulation of Tts1-GFP in binucleate cells, n=100. 
The solid arrows indicate Tts1-GFP accumulation at the division site; the outlined 




3.2 The ER-PM contacts necessitate the reticulated ER morphology 
3.2.1 Tts1, Rtn1 and Yop1 function to maintain the reticular ER network 
3.2.1.1 Tts1, Rtn1 and Yop1 form a complex at the tubular ER domains 
Since Tts1 co-localized with Rtn1 and Yop1 in the tubular ER, we wondered whether 
they physically associated with each other. Indeed, mass spectrometry analysis of 
proteins co-purified with the C-terminally TAP-tagged Tts1 identified Rtn1 as a Tts1 
interacting partner (Figure 3.2.1.1A). I then confirmed their interaction by 
co-immunoprecipitation (Figure 3.2.1.1B). Rtn1 also interacted with Yop1 (Figure 
3.2.1.1C), consistent with the previous findings from budding yeast (Voeltz et al., 
2006). I also detected an association between Tts1 and Yop1 using 
co-immunoprecipitation (Figure 3.2.1.1C), although Yop1 was not detected by 
mass-spectrometry of the TAP-tagged Tts1 complexes. Taken together, these data 
suggest that Rtn1, Yop1 and Tts1 co-localize in a sub-compartment of the ER and 
physically associate with each other. 
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Figure 3.2.1.1 
Rtn1, Yop1 and Tts1 are physically associated with each other. 
(A) Coomassie stained SDS electrophoresis gel of Tandem Affinity Purification (TAP) 
isolates from cells expressing TAP-tagged Tts1 or untagged control cells. Lines 
indicate excised gel segments that were subjected to LC-MS/MS analysis. (B-C) 
Co-immunoprecipitation of the indicated proteins from native cell extracts. Samples 
were probed with the anti-Myc (red) and anti-HA (green) antibodies. 
72 
73 
3.2.1.2 Tts1, Rtn1 and Yop1 sustain the tubular ER domains 
Given that Tts1 physically associated with Rtn1 and Yop1, I wondered whether these 
proteins could function together in shaping the ER membranes. To this end, I 
examined the ER morphology using fluorescent protein tagged markers for different 
ER compartments in wild type and mutant backgrounds. In rtn1Δ cells, both 
Yop1-GFP and Tts1-GFP were significantly depleted from the lateral cortex (Figure 
3.2.1.2A-C), in contrast to Ost1-mCherry (Figure 3.2.1.2A), suggesting a specific 
diminishment of the peripheral tubular ER structures. Consistent with their 
localization in wild-type cells, Tts1 and Yop1 in rtn1Δ cells were clearly excluded 
from the Ost1-marked membranes (Figure 3.2.1.2A). Furthermore, Ost1 in rtn1Δ cells 
uniformly localized along the lateral cortex, unlike its typical intermittent pattern in 
the wild-type cells (Figure 3.2.1.2A), possibly indicating a conversion of the ER 
structure into a more cisternal morphology. 
Similarly, Rtn1-GFP showed a decreased occupancy at the cell cortex in both 
yop1Δ and tts1Δ cells, and this was further diminished in the double yop1Δ tts1Δ 
mutant (Figure 3.2.1.2D). I performed similar analyses for other single and double 
deletions, using Yop1-GFP (Figure 3.2.1.2B) or Tts1-GFP (Figure 3.2.1.2C) as 
markers for the tubular ER domain. The reduction of the tubular ER occupancy at the 
cell periphery was statistically significant in all these strains with double deletion 
strains always exhibiting augmented phenotypes. This was not due to compromised 
marker protein expression (Figure 3.2.1.2E). Of the three proteins, Rtn1 appeared to 
contribute the most to sustaining the peripheral ER tubules marked by Yop1 and Tts1. 
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The cortical ER domain visualized by Ost1-mCherry in the triple tts1Δ rtn1Δ 
yop1Δ mutant cells (which we subsequently called tryΔ) appeared fully sheet-like 
with occasional extended breaks at the cortex (Figure 3.2.1.2F). To address how the 
deficiency of Rtn1, Yop1 and Tts1 affected the general ER structure, I utilized the 
artificial luminal ER markers, GFP-AHDL and mCherrry-AHDL. As the ER 
possesses a continuous intraluminal space, these markers localized to both cisternal 
(Ost1-containing) and tubular ER compartments (Figure 3.2.1.2G). To visualize the 
morphological details of the peripheral ER, we prepared S. pombe spheroplasts by 
removing the cell wall. In wild-type cells, the cortical ER visualized by GFP-AHDL 
appeared as an elaborate and regularly distributed membrane network (Figure 
3.2.1.2H). We observed a striking transition in ER morphology in the tryΔ genetic 
background - the cortical ER now appeared as a smooth membranous sheet with the 
irregularly spaced brightly fluorescent patches (Figure 3.2.1.2I). I thus concluded that 




Rtn1, Yop1 and Tts1 maintain the tubular structures in the cortical ER. 
(A) Scanning confocal micrographs of rtn1Δ cells expressing indicated fluorescently 
tagged ER proteins. Shown are peripheral (top) and central (bottom) focal planes. 
(B-D) Scanning confocal micrographs of Yop1-GFP (B) Tts1-GFP (C) and Rtn1-GFP 
(D) in cells with indicated genetic backgrounds. Top: cell center, middle: cell 
periphery, bottom: a thresholded image of the cell periphery. Histograms quantify the 
normalized occupancy of fluorescent regions at the cell periphery (mean±s.d.; 
30<n<65). Error bars, 2×s.d. 0.001<*P<0.005 and **P<<0.001, in comparison to 
wild-type from two-tailed Student’s t-test. (E) Protein levels of Yop1-GFP, Tts1-GFP 
and Rtn1-GFP are not affected in strains of indicated genotypes. Shown are 
immunoblots probed with the anti-GFP (red) and anti-actin (green) antibodies. (F) 
Scanning confocal images of WT or tryΔ cells expressing Ost1-mCherry. Shown are 
central focal planes. (G) Scanning confocal micrographs of WT (top) and rtn1Δ yop1Δ 
(bottom) cells co-expressing indicated fluorescently tagged ER proteins. Shown are 
central focal planes. (H) Scanning confocal micrographs of GFP-AHDL at the cell 
center (left) and the cell periphery (right) in WT and tryΔ cells. Arrows indicate ER 
breaks at the cortex. Arrowhead indicates an irregular cortical accumulation of ER 
membranes. (I) Deconvolved epifluorescence images of WT and tryΔ spheroplasts 





3.2.2 Cells defective in the cortical ER structure fail to position the division site 
3.2.2.1 Cells lacking Tts1, Rtn1 and Yop1 have defects in division site positioning 
Combined with single and double deletion mutants, the triple tryΔ mutant provides a 
valuable tool to examine the role of tubular ER at the cell periphery. Intriguingly, we 
observed a progressive failure in proper division site positioning as cells lost Tts1, 
Yop1 and Rtn1. Normally, S. pombe cells position actomyosin rings in the cell center 
and assemble their division septa perpendicular to the long axis of the cell. Single 
mutants for each gene produced a low incidence of tilted and off-center septa. The 
proportion increased in double and triple mutant combinations. Interestingly, the 
deficiency of Rtn1 that individually had the strongest effect on the ER structure, 
consistently caused a more prominent cytokinesis defect. 
The triple mutant tryΔ cells showed a much higher incidence of multiple septa and 
long-axis septa (Figure 3.2.2.1A and B). In fact, most tryΔ triple mutant cells (92.3±
1.8%; n=1500 cells) failed to form normally positioned septa (Figure 3.2.2.1B) and 
resembled cells lacking the anillin-like protein Mid1 that determines actomyosin ring 
positioning (Sohrmann et al., 1996; Chang et al., 1996; Bahler et al., 1998; Wu et al., 
2006) (Figure 3.2.2.1A and B). Deletion of mid1 in the tryΔ genetic background did 
not further exacerbate the division site mis-positioning phenotype (Figure 3.2.2.1A 
and B), suggesting that Mid1 and the TRY proteins function in the same epistasis 
group. 
The kinase Pom1 functions as a negative regulator of division site selection 
(Celton-Morizur et al., 2006; Padte et al., 2006) and cells lacking both Mid1 and 
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Pom1 were reported inviable (Bahler et al., 1998). We obtained mutant cells lacking 
the try genes together with pom1 at a frequency much lower than expected from the 
tetrad analysis (17% of the expected yield, 88 progeny). The quadruple mutant cells 
were severely retarded for growth and exhibited extreme septum positioning defects 
including frequent tip septa (Figure 3.2.2.1C). This further suggests that the TRY 




Cells lacking Rtn1, Yop1 or Tts1 fail to position the division sites in S. pombe.  
(A) Quantification of the septa positioning phenotypes in cells of indicated genotypes 
(500<n<1500). o/c: off-center. (B) Epifluorescence and DIC images of calcofluor 
stained cells with indicated genotypes. (C) Combined epifluorescence and DIC image 






3.2.2.2 Mid1 spreads in mitotic cells lacking Tts1, Rtn1 and Yop1 
Mid1 shuttles between the nucleus and cell cortex during interphase but upon entry 
into mitosis it fully redistributes to the medial cortex, where it is typically found in the 
form of distinct nodes (Paoletti and Chang, 2000). Intriguingly, we found that 
although Mid1-GFP exited normally from the nucleus in triple mutant cells (Figure 
3.2.2.2A, 20/23 wild type and 8/10 tryΔ cells completed Mid1 export within four 
minutes following SPB separation marked by Pcp1-mCherry (Flory et al., 2002)) and 
formed cortically positioned nodes, it spread along the larger area of the cell cortex 
and failed to compact normally into a tight ring structure (Figure 3.2.2.2A, see 
kymographs for Mid1-GFP time evolution). As a result, the cortical domain occupied 
by Mid1, was much broader in the early mitotic tryΔ cells as compared to the wild 
type (Figure 3.2.2.2B). Notably, we observed that Mid1-GFP was now largely present 
in nodes of the lower mean fluorescence intensity (Figure 3.2.2.2C, n=140, p=0.0013, 
K-S test). Unlike wild-type cells that efficiently compacted rings during early mitosis, 
10/15 tryΔ  cells completely failed to compact Mid1 into rings, while Mid1 ring 
formation was strongly delayed in 5/15 tryΔ cells. We did not observe mislocalization 
of Pom1, the negative regulator of Mid1 localization during interphase (Figure 
3.2.2.2D). 
Given that the cortical Mid1 failed to compact into the rings in a timely fashion in 
tryΔ  cells, I examined whether it recruited essential ring components such as myosin 
II and F-actin by using Rlc1-mCherry and the GFP-tagged Rng2 calponin homology 
domain (CHD) (Martin and Chang, 2006) as markers. We observed that in tryΔ cells 
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Rlc1-mCherry was promptly associated with all cortical Mid1-GFP nodes as in the 
wild type (Figure 3.2.2.2E, n=15 cells). Furthermore, actin filaments appeared around 
the cortical nodes marked by Rlc1-mCherry in both wild type and tryΔ cells (Figure 
3.2.2.2F, n=20 cells). The timing of actin recruitment to the cortex was not affected 
(2.5 ± 0.9 minutes after SPB separation in wild type, n=9 cells; 2.9 ± 1.0 minutes in 
tryΔ cells, n=13 cells; Figure 3.2.2.2G). Thus, Mid1 recruited the actomyosin ring 
assembly machinery to the cortex in tryΔ cells, but its abnormal broad distribution 
resulted in a failure to properly localize assembly of actomyosin cables exclusively at 
the medial cortex. That this aberrant distribution is sufficient to mimic the defects 
caused by the lack of Mid1, emphasizes the importance of proper Mid1 localization in 
positioning the division plane. 
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Figure 3.2.2.2 
Mid1 disperses along the lateral cortex of cells lacking Tts1, Rtn1 and Yop1. 
(A) Time-lapse maximum z-projection images of WT and tryΔ cells co-expressing 
Mid1-GFP and Pcp1-mCherry (left panels) and corresponding kymographs (right 
panels) of Mid1-GFP along the long cell axis. Dotted lines indicate positions of the 
nuclei before Mid1 efflux. (B) Quantification of Mid1-GFP fluorescence distribution 
along the long cell axis in WT (n=12) and tryΔ (n=9) early mitotic cells as indicated 
by Pcp1-mCherry. Shown are the maximum projections of z-stacks obtained from 
scanning confocal microscopy. (C) Histogram of Mid1-GFP nodes according to mean 
fluorescence intensities in early mitotic WT (pink) and tryΔ (blue) cells. Note 
increased frequency of nodes with low fluorescence intensity in tryΔ cells. (D) 
Pom1-GFP localizes normally in tryΔ cells. Shown are the scanning confocal 
microscopy (left) and bright-field (right) images of wild type and tryΔ cells. (E-G) 
Time-lapse maximum z-projection images of WT or tryΔ cells co-expressing indicated 







3.2.3 The PM-attached ER shields the PM inner surface from cortical complexes 
3.2.3.1 Cortical Mid1 nodes localize in between the ER elements 
How can the abnormal ER structure due to the deficiency of the ER tubulating 
proteins lead to the cortical drift of Mid1 during mitosis? The cortical ER is tightly 
associated with the plasma membrane, and a possible explanation could in fact 
involve the recruitment of Mid1 to the ER tubules rather than to the plasma membrane. 
In such case, Mid1 should to the large extent co-localize with the ER tubules. 
However, we observed that upon its efflux from the nucleus, Mid1-GFP localized to 
cortical sites that were positioned closely but did not overlap with the ER tubules 
marked by Tts1-mCherry (Figure 3.2.3.1A). Similarly, Mid1-GFP fluorescent signal 
was mostly excluded from the ER domains marked by Ost1-mCherry (Figure 
3.2.3.1B), or the general ER visualized by mCherry-AHDL (Figure 3.2.3.1C). Thus, it 
appeared that Mid1 concentrated in the nodes at the plasma membrane in between the 
ER elements, consistent with previous findings (Celton-Morizur et al., 2004).  
Interestingly, we observed that while the initial distribution of the ER tubules at 
the cortex was uniform in cells entering mitosis, as Mid1-GFP nodes compacted into 
the ring structure, the ER tubules gathered at the equator (Figure 3.2.3.1D). This 
observation could explain the specific enrichment of the ER tubular domains at the 
equator of mitotic cells (Figure 3.1.3.1A and B) and also suggested that the ER 
tubules were laterally contacting with the Mid1 nodes. Consistent with what we have 
observed (Figure 3.1.3.2A-D), it also suggests that the equatorial accumulation of the 
tubular ER must be a consequence of node compaction and should depend on both 
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actomyosin function and Mid1. 
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Figure 3.2.3.1 
Mid1 nodes localize in between the ER elements during the actomyosin ring 
compaction.  
(A-C) Scanning confocal micrographs at the peripheral focal plane of WT cells 
co-expressing indicated proteins. Lower panels show 4X magnification of the framed 
region. (D) Time-lapse of early mitotic WT cells co-expressing Mid1-GFP and 
Tts1-mCherry imaged by scanning confocal microscopy. Shown is the peripheral 
focal plane. The arrows indicate the accumulation of Tts1-mCherry during Mid1-GFP 





3.2.3.2 Mid1 nodes are restricted at the equatorial cortex when the ER-PM 
contacts are abolished 
Mid1 is targeted to the cortex through two independent motifs, oligomerizes and 
further recruits the actomyosin ring components (Celton-Morizur et al., 2004; 
Almonacid et al., 2009). Thus, the Mid1-containing nodes likely correspond to 
higher-order protein assemblies. At least two possible scenarios could explain how the 
cortical ER structure may affect the distribution of the large Mid1 protein complexes. 
One is that the ER network could serve as physical barrier to prevent the lateral 
diffusion of the Mid1 nodes. As a consequence, the cortical ER with an abnormal 
morphology could be deficient in delimiting Mid1 at the medial cortex. On the other 
hand, it could be that the association between the large sheets of the cortical ER and 
the PM physically blocks the access of Mid1 to the central cortex.  
If the former hypothesis is correct, Mid1 nodes would be seen dispersing along 
the cortex in cells where the cortical ER is detached from the PM. However, removal 
of Scs2 and Scs22 alone did not cause prominent cytokinesis defects although we 
observed a minor fraction of cells with slightly off-center septa (Figure 3.2.3.2A and 
B; n=500 cells). Strikingly, the severe division site positioning defects in the tryΔ 
genetic background were largely alleviated by the loss of ER-PM tethering (Figure 
3.2.3.2A and B; 57% scs2Δ scs22Δ tryΔ cells exhibited straight medial septa as 
compared to 8.6% in the tryΔ mutants, n=500 cells). 
Mid1-GFP was timely exported from the nucleus and was recruited to a narrow 
equatorial cortical region in both scs2Δ scs22Δ cells and scs2Δ scs22Δ tryΔ cells 
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(Figure 3.2.3.2C and D). In fact, in both scs2Δ scs22Δ and scs2Δ scs22Δ tryΔ cells the 
Mid1-GFP nodes compacted into a single ring significantly faster than in the wild 
type suggesting that the cortical ER elements normally dampen the efficiency of this 
process (Figure 3.2.3.2C and D, the compaction took 16 ± 3.1 minutes in the wild 
type, n=30 cells; 9.7 ± 2.5 minutes in scs2Δ scs22Δ cells, n=19 cells; 10 ± 3.4 minutes 
in scs2Δ scs22Δ tryΔ cells, n=15 cells). In approximately quarter of the cases, the 
Mid1-GFP nodes very rapidly compacted into unusually large clusters at the medial 
cortex before forming ring structures of irregular fluorescence intensity (Figure 
3.2.3.2E, 7 out of 27 cells).  
Taken together, these data suggested that the ER-PM attachment per se was not 
required for the division site placement. Rather, the cortical ER could physically 
shield the PM, restricting the recruitment of Mid1 to the ER-free surfaces. Such the 
PM obstruction might become critical in tryΔ cells where the large ER sheets could 
insulate extensive areas of the cellular cortex. 
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Figure 3.2.3.2 
Mid1 nodes are restricted at the equatorial cortex when the ER-PM contacts are 
abolished.  
(A) Epifluorescence and DIC images of calcofluor stained cells with indicated 
genotypes. (B) Quantification of the division septa positioning phenotypes in cells of 
indicated genetic backgrounds (n=500). o/c: off-center. (C) Quantification of 
Mid1-GFP fluorescence distribution along the long cell axis in early mitotic cells as 
indicated by the spindle pole body (SPB) marker Pcp1-mCherry. Shown are the 
maximum projection images of z-stacks obtained by scanning confocal microscopy. 
Dotted lines indicate cell boundaries. (D and E) Time-lapse maximum z-projection 
images of spinning disk confocal stacks of cells with indicated genetic backgrounds 
co-expressing Mid1-GFP (green) and Pcp1-mCherry (red). The elapsed time is shown 





3.2.3.3 The artificial ER-PM tethers restore the ER-PM contacts in cells lacking 
VAPs 
To test this hypothesis directly, I designed the artificial ER-PM tethers, consisting of a 
transmembrane ER anchor, the fluorescent mCherry protein and modular C-terminal 
phosphatidylinositol lipid binding motifs (Figure 3.2.3.3A, see 2.4.1 for construction 
details). Two alternative lipid-binding motifs were tested including the cortical sorting 
signal (CSS) of S. cerevisiae Ist2 (Ercan et al., 2009) and the pleckstrin homology 
(PH) domain from the S. pombe homologue of the oxysterol-binding protein Osh3 
(Levine and Munro, 2001). The ER anchor fused to mCherry served as a control. 
Expression of these constructs in wild-type cells did not cause obvious growth or 
polarity defects (Figure 3.2.3.3A). Importantly, all constructs localized to the ER 
membrane, and both TM-mCherry-CSSIst2 and TM-mCherry-PHOsh3 but not the 
control TM-mCherry successfully restored the ER-PM contacts in cells lacking Scs2 
and Scs22 (Figure 3.2.3.3B). 
Similarly to S. cerevisiae (Stefan et al., 2011), the lack of VAP proteins led to the 
increased PI4P levels at the plasma membrane both in otherwise wild type and tryΔ 
backgrounds, while the levels of its bisphosphorylated derivative PI(4,5)P2 appeared 
unchanged (Figure 3.2.3.3C, see 2.4.1 for construction details). The tether-mediated 
cortical recruitment of the ER did not rescue the increased PM levels of PI4P in 
scs2Δ scs22Δ or scs2Δ scs22Δ tryΔ cells (Figure 3.2.3.3D) suggesting that the forced 




The artificial ER-PM tethers restore the cortical ER contacts in cells lacking 
VAPs.  
(A) Scanning confocal medial plane micrographs of the artificial ER-PM tethers (top) 
and GFP-AHDL (center) in WT cells. Cartoons illustrate the construct design. (B) 
When present, the ER-PM tethers (red) forced the cortical ER recruitment to the PM 
in scs2∆scs22∆ cells co-expressing GFP-AHDL (green). Shown are medial plane 
scanning confocal micrographs of cells in which the tether expression was induced 
(left panel) or repressed (right panel). (C) Scanning confocal medial plane 
micrographs of PI4P marker PHOsh2-GFP (upper panel) and PI(4,5)P2 marker 
PHNum1-GFP (lower panel) in indicated cell types. (D) Scanning confocal medial 
plane micrographs of PI4P marker PHOsh2-GFP in indicated cell types co-expressing 




3.2.3.4 The cortical ER obstructs the PM recruitment of peripheral complexes 
Remarkably, when I restored the ER-PM association in scs2Δ scs22Δ tryΔ cells by 
expressing the artificial tethers, Mid1-GFP spread throughout the cellular cortex and 
failed to compact into the ring, essentially phenocopying the division site 
mis-positioning phenotype of tryΔ cells (Figure 3.2.3.4A and B).  
In scs2Δ scs22Δ tryΔ genetic background, abnormal Mid1-GFP dispersal was 
observed in 6 out of 8 cells expressing TM-mCherry-CSSIst2, 8 out of 11 cells 
expressing TM-mCherry-PHOsh3 and only 1 out of 11 cells expressing TM-mCherry 
(Figure 3.2.3.4B). The expression of the ER-PM tethers in the wild type or 
scs2Δ scs22Δ  cells did not cause Mid1 mis-localization (Figure 3.2.3.4C and D). 
Importantly, the timing of Mid1 compaction into a ring in scs2Δ scs22Δ  cells 
expressing TM-mCherry-CSSIst2 or TM-mCherry-PHOsh3 increased to the wild-type 
values (rings fully compacted in 16.1 ± 5.7 and 15 ± 4.4 minutes respectively). I 
hence concluded that the lateral dispersion of Mid1 in tryΔ cells indeed occurs due to 
a physical blockage of the plasma membrane by the cortically attached ER sheets. 
The ER-PM contacts likely constrain localization of many other peripheral 
protein complexes throughout the cellular cortex. For instance, a cell cycle regulator 
Cdr2 localized as an equatorial band of regularly spaced nodes in interphase wild-type 
cells  (Moseley et al., 2009; Martin and Berthelot-Grosjean, 2009) but exhibited a 
pronounced clustering in tryΔ cells lacking the reticulated cortical ER network 
(Figure 3.2.3.4E). The irregular pattern of Cdr2 distribution was rescued by the 
further removal of VAPs (Figure 3.2.3.4E), suggesting that the architecture of the 
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cortical ER network has a direct bearing on the spatial distribution of Cdr2 complexes 
within an equatorial domain. 
Collectively, we propose that the network organization of the cortical ER is 
required to provide sufficient access points for the cortex-associated processes and 




The cortical ER obstructs the PM recruitment of peripheral complexes.  
(A) Quantification of the division septa positioning phenotypes in cells of the 
indicated genetic backgrounds (n=500). o/c: off-center. (B) scs2∆ scs22∆ try∆ (C) WT 
and (D) scs2∆ scs22∆ cells co-expressing the indicated artificial ER-PM tether 
constructs (red, left panels) and Mid1-GFP (green) were subjected to time-lapse 
spinning disk confocal microscopy. Shown are single plane images for artificial 
tethers and maximum z-projection images for Mid1-GFP. The elapsed time is shown 
in minutes. (E) Epifluorescence images of Cdr2-GFP in cells of the indicated genetic 
backgrounds. Shown are maximum projection images of z-stacks. Dotted lines 
indicate cell boundaries. The red arrows point to the abnormally clustered Cdr2-GFP 





3.3 Functional analysis of the novel ER shaping protein Tts1 
3.3.1 Identification of Tts1 
The spindle pole body in fission yeast S. pombe exhibits a cycle of insertion and 
extrusion in the nuclear envelope during mitosis. Thus a tight coordination between 
the physical anchorage of the mitotic SPB and the nuclear membrane remodeling 
must be employed to ensure the assembly of a functional spindle. The molecular 
mechanisms underpinning this process are not well understood. 
   Cut11, an essential nucleoporin in S. pombe, has been shown to tether the mitotic 
SPB in the NE (West et al., 1998). Cells with nonfunctional Cut11 fail to anchor the 
SPB in the NE and hence are unable to form bipolar spindle and complete mitosis 
(West et al., 1998). In order to identify other candidates that could be involved in the 
SPB translocation and anchorage in the NE, I devised a high-copy suppressor screen 
for cut11-6, a temperature-sensitive allele of cut11 (a gift from Mcintosh’s lab; West 
et al., 1998, see 2.3 for details). The screen resulted in the isolation of a functionally 
uncharacterized gene, which encodes an evolutionarily conserved protein with four 
putative transmembrane domains; we named it tts1 (Tetra-spanning protein 1).  
 
3.3.2 Tts1 assists Cut11 to anchor the mitotic SPB in the nuclear envelope 
Given that an increase in Tts1 dosage could alleviate the defects caused by Cut11 
malfunction, we suspected that Tts1 may play a direct role in SPB anchorage in the 
nuclear membrane. To inspect its role in membrane tethering of the mitotic SPB, I 
utilized N-terminally GFP tagged α-tubulin to examine the spindle formation in 
103 
tts1Δ  cells, and used Pcp1-mCherry and ubiquitin C-terminal hydrolase 
Uch2-mCherry to visualize SPBs and the NE respectively.  
   Most tts1Δ cells (95%, n=300; Figure 3.3.2A) formed normal spindles at 24°C. 
Interestingly, tts1Δ  and  cut11-6 showed a strong negative genetic interaction at the 
permissive temperature of 24°C (Figure 3.3.2A; 57% of cut11-6 cells formed the 
normal looking spindles while only 27% of tts1Δ cut11-6 cells exhibited bipolar 
spindles, n=300). I observed free-floating mitotic SPBs in the cytoplasm at 24°C 
(Figure 3.3.2B). Such SPB detachment has only been seen at the restrictive 
temperature in cut11-6 single mutant. Moreover, the SPB insertion into the NE 
seemed delayed in tts1Δ cut11-6 cells: the nucleation of spindle microtubules took 
place 18.3±6.5 minutes (n=6) after the depolymerization of cytoplasmic microtubules 
(4.8±1.9 minutes in cut11-6 cells, n=6; Figure 3.3.2C). The SPB duplication and 
separation appeared not affected in these cells, although the status of loading and 
activation of the γ-tubulin ring complexes (γ-TuRCs) needs to be elucidated. 
Therefore, I concluded that Tts1 functions in inserting and anchoring the SPB in the 
NE together with Cut11. 
   Since Tts1 functions in sustaining the tubular ER domains with Rtn1 and Yop1, 
we wondered if such a role could also contribute to the anchorage of the mitotic SPBs 
in the NE by stabilizing the highly curved SPB pore membranes. Therefore, I 
analyzed spindle morphologies in cut11-6 cells lacking Yop1 or Rtn1. Surprisingly, 
the lack of neither Yop1 nor Rtn1 exacerbated the spindle defects in cut11-6 cells 
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(Figure 3.3.2A). This suggested that Tts1 could have a specific role in the mitotic 
SPB anchorage which is likely separate from its ER-shaping function. 
105 
Figure 3.3.2 
Tts1 assists Cut11 to anchor the mitotic SPB in the NE. 
(A) Quantification of spindle morphologies in cells of the indicated genetic 
backgrounds at 24°C (n=500). The red asterisk highlights the genetic interaction 
between cut11-6 and tts1Δ. (B) Localization of the SPBs (Pcp1-mCherry, red dots) 
and microtubules/spindles (GFP-Atb2, green) in indicated genetic backgrounds at 
24°C. Shown are maximum z-projections of epifluorescence micrographs. 
Uch2-mCherry marks the NE. (C) Time-lapse maximum z-projection images of 
spinning disk confocal stacks of cells with indicated genetic backgrounds 
co-expressing GFP-Atb2, Pcp1-mCherry and the nucleoplasm maker protein 
GST-NLS-mCherry. Cells were grown and imaged at 24°C. The elapsed time is 




3.3.3 Tts1 is required for structuring the mitotic nuclear envelope 
The genetic interaction between tts1 and cut11 implies a possible physical interaction 
between them. However, we could not co-immunoprecipitate them from wild-type 
cells. Unlike Cut11, Tts1 did not exhibit a particular enrichment at the mitotic SPBs, 
although it seemed to be associated with the NPCs since we observed aggregation of 
Tts1 in NPCs clustering mutant cells (data not shown). Thus, it is possible that Tts1 
might have a more general role in maintaining the nuclear membrane properties and 
structure. 
   I performed the time-lapse analyses of Cut11-GFP to inspect the NE division in 
wild type and tts1Δ cells. Interestingly, bright aggregates of Cut11-GFP formed at the 
NE from metaphase onwards in 45.2% of cells (n=73; Figure 3.3.3A). These 
structures were not the SPBs and could have reflected the membrane folds or the 
nuclear pore clustering. In addition, these Cut11-enriched nuclear membrane domains 
often did not incorporate into the daughter nuclei resulting in an overall loss of the 
NPCs following the NE division (Figure 3.3.3B). I observed a similar deformation of 
the dividing NE using two other NE markers, Uch2-mCherry and the nuclear basket 
protein Nup211-GFP (Figure 3.3.3B and C). 
   Taken together, these data demonstrated that in tts1Δ cells the overall nuclear 
membrane structure was affected during mitosis and the nuclear pore inheritance was 
compromised. I thus concluded that Tts1 was required for maintaining the mitotic 




Tts1 is required for maintaining the structure of the dividing NE.  
(A) Time-lapse maximum z-projection images of WT and tts1Δ cells co-expressing 
Cut11-GFP and Pcp1-mCherry. (B) Time-lapse maximum z-projection images of 
tts1Δ cells co-expressing Cut11-GFP, Pcp1-mCherry and Uch2-mCherry. (C) 
Time-lapse maximum z-projection images of WT and tts1Δ cells expressing 




3.3.4 The NE expansion is necessary for closed mitosis 
In S. pombe, a dividing nucleus increases its surface area by nearly 30% during 
mitosis (Lim et al., 2007; Yam et al., 2011). We have observed that cells 
over-expressing Tts1 appeared to exhibit limited nuclear envelope growth during 
mitosis and often failed the nuclear division (data not shown). These observations 
implied that incorporation of extra nuclear membrane into the mitotic NE might be an 
essential step for closed mitosis.  
To directly test this idea, we attempted to restrict the membrane availability for 
the NE expansion by pretreating wild-type cells with fatty acid synthase inhibitor 
cerulenin (Awaya et al., 1975; Saitoh et al., 1996) 30 min prior to recording the 
time-lapse sequences of mitosis. We reasoned that it could prevent new membrane 
biosynthesis at the mitotic entry without major disruption to cell growth. We used 
GFP-Atb2 to visualize spindle microtubules and GST-NLS-mCherry and 
Tts1-mCherry to mark the nucleoplasm and the ER structure. In control cells, the 
mitotic spindles remained straight throughout nuclear division (Figure 3.3.4). In 
contrast, many anaphase spindles in cerulenin-treated cells severely buckled (15 out 
of 23 cells), which frequently led to the spindle breakage (8 out of 15 spindles). In 
such cases, the nuclei extended into a diamond shape but later collapsed back into a 
single sphere of the original size and completely failed mitosis (Figure 3.3.4).  
Thus, the concomitant growth of the enclosed NE during the spindle elongation 
appeared to lessen the spindle-induced compressive stress along the longitudinal 
direction. As a result, the intranuclear spindle could remain intact and segregate 
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chromosome. In this way, the NE expansion may become a necessary adaptation for 
the closed version of mitosis. 
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Figure 3.3.4 
Nuclear membrane insertion is necessary for closed mitosis in S. pombe. 
Shown are time-lapse sequences of maximum-projection images of control (top) and 
cerulenin-treated (bottom) S. pombe cells expressing the nucleoplasm marker protein 
GST-NLS-mCherry, Tts1-mCherry, and GFP-Atb2. The elapsed time is shown in 




3.3.5 Domain analysis of Tts1 
3.3.5.1 Conserved motifs of Tts1 are required for its tubular ER localization 
We have shown that Tts1 plays two separate roles in cellular physiology: one is 
sustaining the high curvature domains in the cortical ER and the other is structuring 
the nuclear membrane and assisting the mitotic SPB/NE tethering. However, the 
molecular function of Tts1 remains unknown 
   Tts1 belongs to an evolutionarily conserved TMEM33 family; bioinformatics 
analysis enabled us to predict its secondary structure and to uncover the conserved 
motifs that could be important for its function. Tts1 has four putative transmembrane 
regions at its N-terminus, while its C-terminal segment is exposed to the cytosol 
contains a string of three α-helixes. There are two conserved motifs: the first one is 
located in the third transmembrane domain with four conserved residues (Pro119, 
Tyr123, His127 and Tyr131) (Figure 3.3.5.1A and B); the other one that is only 
conserved among fungi resides in the first C-terminal α-helix harboring two 
conserved arginines (Arg208/210) (Figure 3.3.5.1A and B). Interestingly, the third 
C-terminal helix (VIKNAWHTFKTYVSKFGA) is predicted to form an amphihelix 
(Figure 3.3.5.1C) (Gautier et al., 2008; http://heliquest.ipmc.cnrs.fr/). 
   To explore the functional consequences of these motifs and structures, I 
generated a series of Tts1 mutants (Figure 3.3.5.1B) which were tagged with GFP and 
expressed under tts1 promoter in tts1Δ genetic background. I examined their 
distribution and analyzed their specificity in the tubular ER localization (see 2.7.4 for 
detailed methodology) by using Rtn1-mCherry as the tubular ER marker. 
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I found that the transmembrane regions of Tts1, including all four transmembrane 
domains, did not exhibit an enrichment in the tubular ER. Thus it appeared that the 
C-terminus was required for restricting Tts1 to the tubular ER. Interestingly, the 
C-terminal segment of Tts1 predominately localized to the cytosol but also outlined 
the ER membranes and appeared to be enriched at the lipid droplets and mitochondria 
(Figure 3.3.5.1B). It implies that Tts1 C-terminus may exhibit a general affinity to 
membranes from various organelles. 
Unexpectedly, mutating the two conserved Arg into Ile in the first C-terminal 
α-helix of Tts1 was sufficient to abolish its specific localization to the tubular ER, 
while the alteration of Arg into negatively charged Glu did not (data not shown). 
Furthermore, removal of the last two transmembrane segments which contain the first 
conserved motif also redistributed Tts1 through the entire ER, suggesting that this 
domain of Tts1 is important for limiting its localization to the high curvature 
membranes. However, individual alteration of the four conserved residues in the 
conserved motif did not substantially alter the localization of Tts1. The elimination of 
the C-terminal amphihelix by either deletion or mutation did not overly influence the 
Tts1 distribution. 
Taken together, to restrict Tts1 in the tubular domains of the cortical ER, both the 
region of the last two transmembrane domains and the cytosolic C-terminus are 
required. The two conserved motifs seem to harbor the intrinsic cues necessary for 




Two conserved motifs of Tts1 are required for its partitioning to the tubular ER. 
(A) Two motifs conserved amongst Tts1 family members in the indicated species. 
Note that the motif shown in red is conserved among all the listed Tts1 homologues, 
while the motif denoted in blue is specifically conserved among its fungal 
orthologues. The conserved residues that were mutated in this study are highlighted. 
(B) Localization of GFP-fused Tts1 mutants in tts1Δ cells expressing Rtn1-mCherry. 
The cartoons show the construction of Tts1 mutants. Scanning confocal micrographs 
of cells expressing indicated proteins were taken from either top or middle (for 
Tts1-Cter) planes of Z stacks. Scale bars, 5μm. Normalized colocalization factors 
shown in red indicate the compromised specificity in the tubular ER localization of 
the corresponding Tts1 mutants (see 2.7.4 for detailed methods). (C) Cartoon denotes 




3.3.5.2 Functional motifs responsible for two separate roles of Tts1 
I have previously shown that Tts1 appears to function in both the ER shaping and the 
mitotic SPB anchorage. With these mutants described above, we started to determine 
the functional motifs required for each of these two functions. To this end, I 
introduced the GFP-fused mutants expressed under the native promoter into tryΔ and 
cut11-6 tts1Δ cells, and analyzed the septa positioning and spindle morphology 
respectively. We presumed that the genetic complementation in either background 
would reflect the presence of the function. 
   Compared to the wild-type Tts1, Tts1 mutants that did not specifically localize to 
the tubular ER failed to rescue the division site positioning defects in tryΔ cells and 
the spindle formation defects in cut11-6 tts1Δ cells (Figure 3.3.5.2A and B). 
Therefore, the conserved motifs required for Tts1 localization were crucial for both 
functions. It also indicated that the Tts1 ability to localize to the high curvature ER 
membrane was closely related to its function. 
Unexpectedly, we also found two groups of mutants that exhibited normal 
localization to the tubular ER but were compromised in either the ER shaping or the 
mitotic SPB insertion (Figure 3.3.5.2A and B). Tts1 mutants where the C-terminal 
amphihelix structure was abolished failed to fully rescue the division site positioning 
in tryΔ cells. Mutations in the conserved residues of the first conserved motif (Pro119, 
Tyr123, His127 and Tyr131) (Figure 3.3.5.1B) exacerbated the spindle assembly 
defects in cut11-6 genetic background. Therefore, the amphihelix at the C-terminus of 
Tts1 appears to contribute to Tts1 role in maintaining the ER structure, while the four 
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conserved residues in the third transmembrane domain are required for Tts1 function 
in the SPB/NE anchorage during mitosis (Figure 3.3.5.2C). The structural basis of 
Tts1 function remains to be elucidated in future studies. 
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Figure 3.3.5.2 
Genetic complementation analysis reveals domains important for Tts1 functions. 
(A and B) Quantification of the division septa positioning phenotypes (A) and spindle 
morphologies (B) in cells of indicated genetic backgrounds (500<n<1500). Tts1 
mutants that did not specifically localize to the tubular ER are indicated by red 
asterisks. Mutants that exhibited a normal localization to the tubular ER yet were 
compromised in Tts1 functions are denoted by blue arrows. (C) Domains required for 
Tts1 functions in the ER membrane shaping and the mitotic SPB anchorage in the NE. 
A possible topology of the third transmembrane domain (TM3) is depicted and four 




Chapter IV Discussion 
4.1 The cortical ER expansion during cell growth 
I have shown that in fission yeast the cortical endoplasmic reticulum (ER) extends 
into cell tips concomitantly with the cell growth. Both type V myosins and actin 
cables are required for this process (Figure 3.1.1). Such myosin V-based transport of 
the ER along the actin is conserved in many cell types (Estrada et al., 2003; Ueda et 
al., 2010; Wagner et al., 2011), albeit the ER resident proteins that could serve as 
cargoes for myosin V and therefore link ER membranes to the actomyosin machinery 
remain to be identified. The interaction between the ER myosin receptors and myosin 
V motors could be transient, and the receptors themselves may play roles other than 
myosin targeting. Identification of such receptors could be difficult due to the possible 
redundancy and the fact that such interaction is not essential for cell survival. 
Although the cortical ER is continuously transported via the actin cables into the 
growing cell tips, it exhibits a large scale remodeling at these cellular locations 
(Figure 3.1.1A). The PM at the cell end must undergo an intensive remodeling 
including polarized endocytosis and exocytosis to achieve the membrane addition and 
the tip extension (reviewed in Fischer et al., 2009). The actin cytoskeleton is involved 
in sustaining these processes. The tight ER-PM coupling is likely unfavorable for the 
membrane fusion and invagination occurring during cortical expansion. For instance, 
the clathrin-mediated endocytosis in budding yeast was recently observed to occur 
exclusively at the ER-free PM surfaces (Stradalova et al., 2012). Thus it appears that 
the ER/PM attachment at the growing ends must continuously remodel. Moreover, 
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vesicles that are delivered to the grow zone by the actomyosin machinery, could also 
compete with the ER membrane for the PM targeting. Therefore, it seems that actin 
cytoskeleton may execute different and often seemingly contradictory roles in the ER 
structuring and remodeling at the sites of growth. 
On the other hand, the ER tubulating proteins could also be employed for the 
intensive ER remodeling occurring at the extending cell tips. Interestingly, in cells 
lacking the ER tubulating proteins, where the ER network is mostly converted into 
large sheets at the non-growing cell sides, the remaining ER tubules exhibit the 
preferential localization at the cell ends (Figure 3.2.1.2A-C). 
 
4.2 Roles of VAP proteins in S. pombe 
In budding yeast, the ER resident vesicle-associated membrane protein-associated 
(VAP) proteins function at the ER-PM contact sites, controlling PI4P metabolism 
through their interaction with the PM Osh proteins (Stefan et al., 2011). This function 
seems to be conserved in fission yeast (Figure 3.2.3.3C). Another consequence of 
interactions between VAP proteins and the PM associated proteins or lipids could be 
the pronounced ER-PM attachment. Notably, while the depletion of VAP proteins 
does not largely abolish the ER-PM contacts in budding yeast, the inheritance of the 
cortical ER by the growing bud is delayed (Loewen et al., 2007). 
Many VAP-interacting proteins appear to bind it through the conserved FFAT 
motif (Kaiser et al., 2005). However, the FFAT motif in S. pombe seems not as widely 
present as in budding yeast, with Osh1 being the only obvious FFAT-containing 
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protein (Loewen et al., 2003). Thus, it remains to be seen if other cortical binding 
partners of Scs2/Scs22 in S. pombe could also contribute to the ER-PM attachment. 
Alternatively, since the budding yeast Scs2 has been shown to bind PIPs in vitro 
(Kagiwada and Hashimoto, 2007), VAP proteins in fission yeast could couple the ER 
to the PM through the direct interaction with the PM lipids. Both possibilities will 
require careful examination in future. 
   The involvement of Scs2/Scs22 in maintaining the polarized growth appears to be 
separate from its role in the ER-PM association, since the forced tethering of the ER 
to the PM in scs2Δ scs22Δ for3Δ or scs2Δ scs22Δ myo51Δ myo52Δ cells did not 
correct the cell shape (Figure 3.1.2E and data not shown). A recent study has 
suggested that the actin-based long range transport and the exocyst-dependent vesicle 
tethering form two independent pathways for the polarized growth in fission yeast 
(Bendezu and Martin, 2010). We can envisage that VAPs could function in the latter 
pathway, since we also did not observe the actin cytoskeleton defects in 
scs2Δ scs22Δ cells (Figure 3.1.2D). The conserved functions of VAP proteins in 
phospholipid metabolism (Kagiwada and Zen, 2003; Loewen et al., 2004; Peretti et 
al., 2008) or their conserved interaction with soluble N-ethylmaleimide-sensitive 
factor attachment protein receptor (SNARE) proteins (Lev et al., 2008) may 
potentially be important for the exocytic vesicle tethering or fusion. 
 
4.3 The cortical ER-PM contacts and division site selection in fission yeast 
The ER-PM contact sites are thought to function in lipid trafficking and calcium 
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signaling and are particularly prominent in yeast, plants and the excitable cell types in 
metazoans (Pidoux and Armstrong, 1993; Prinz et al., 2000; Sparkes et al., 2009; 
Schneider, 1994; Wu et al., 2007). The tight (~33 nm on average) ER-PM coupling 
(West et al., 2011) poses a steric problem in organizing the intracellular cortex. The 
ER-PM contacts are devoid of ribosomes (West et al., 2011) and appear unfavorable 
for vesicle targeting, fusion or membrane invagination (West et al., 2011; Stradalova 
et al., 2012).  
In cells with pronounced cortical ER, many processes are thus must be restricted 
to the ER-free PM surfaces. The membrane contacts created by the polygonal ER 
network sustained by the membrane tubulating proteins leave the closely spaced 
regions of the plasma membrane open (Figure 3.2.1.2H and I). Morphological 
transition to the cisternal morphology in yeast cells lacking the reticulons increases 
the overall area of contact between the ER and the PM (West et al., 2011) and results 
in appearance of large irregularly spaced cortical breaks (Figure 3.2.1.2H and I; West 
et al., 2011; De Craene et al., 2006). We have shown that such conversion of the 
spatial organization of the cortex impairs the cortical distribution of the cytokinesis 
regulator Mid1 resulting in failure to properly position the cellular division plane. 
Occasional emergence of massive Mid1 clusters rather than regularly sized and 
spaced Mid1 nodes in cells deficient in ER-PM attachment also suggests that the 
cortical ER network may promote the regular distribution of the Mid1 nodes at the 
equatorial cortex.  
The ER-PM contacts likely constrain localization of many other peripheral 
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protein complexes throughout the cellular cortex. The extensive reticulation of the 
peripheral ER is thought to increase the surface to volume ratio of this organelle to 
allow efficient execution of surface-dependent functions. We propose that the network 
organization is also required to provide sufficient access points for the 
cortex-associated processes and promote communication between the cytoplasm and 
the plasma membrane. 
 
4.4 Roles of Tts1 and reticulons in shaping the ER membranes in fission yeast 
Localization to the high-curvature membranes is not favorable for most membrane 
proteins or protein complexes. Proteins enriched in the tubular ER domains could be 
wedge-shaped like reticulons and Dp1/Yop1, or possibly associate with these 
tubulating proteins (Shibata et al., 2006).  
How does Tts1 localize to the ER tubules? It appears that in vivo Tts1 can 
partition to the high-curvature membranes independently of its interaction with Rtn1 
(Figure 3.2.1.2A, C and G). While Tts1 and its homologues are annotated in the 
genome databases as containing four (or five) potential transmembrane helices, the 
first two helices are positioned very closely to each other and could probably form a 
single hairpin in the membrane. Its membrane topology in vivo remains to be 
determined. However, our preliminary results from the domain analysis implicated 
that the membrane-anchoring segment of Tts1 is not sufficient to cue its localization 
to the tubular ER. It is possible that the lipid composition of the membranes could 
determine the membrane curvature (Sprong et al., 2001) and ensure preferential 
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partitioning of certain proteins. It remains to be seen which mechanism accounts for 
differential distribution of Tts1 within the endomembrane system. 
It is something of a paradox that both Yop1 and Tts1 in S. pombe partition to the 
ER tubules but also localize to the NE that is considered a sheet-like ER domain. 
However, membranes in the NE can be highly bent, most notably at the junctions of 
the inner and outer nuclear membranes where the nuclear pore complexes (NPCs) and 
mitotic spindle pore bodies (SPBs) are inserted. Generation and maintenance of high 
curvature in these pore membranes may share a similar mechanism with that of the 
tubular ER (reviewed in Antonin et al., 2008). Recent evidence has suggested that 
reticulons and DP1/Yop1 are required for efficient NPC assembly (Dawson et al., 
2009). It is possible that Yop1 and Tts1 in S. pombe could have specialized functions 
in stabilizing the pore membrane curvature. Indeed, we have observed that Tts1 
co-clustered with the NPCs (data not shown). Moreover, cells lacking Tts1 tend to 
discard the NPCs during nuclear division (Figure 3.3.3). Importantly, Tts1 also 
functions to assist Cut11 in the mitotic SPBs anchorage in the NE. Even though the 
role in SPBs tethering seems to be separate from its ER shaping function, the 
localization of Tts1 to the high curvature membranes appears to be a common 
prerequisite for both functions. 
 
4.5 The mitotic SPB insertion and the mitotic NE remodeling 
The NE fenestration and SPB insertion are well coordinated in S. pombe. One can 
envisage that the delay in either step would result in either delayed spindle formation 
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or an abnormal opening of the NE. We have shown that cut11-6 tts1Δ cells but not 
cut11-6 or tts1Δ mutant exhibited a pronounced delay in spindle microtubule 
nucleation. These cells often slightly separated two SPBs without obvious spindle 
(Figure 3.3.2C). These observations suggest that the NE fenestration may be defective 
in cut11-6 tts1Δ cells. Therefore, Tts1 may function in promoting the fenestra opening 
to allow the SPBs insertion in early mitosis. Tts1 could function in this process by 
modulating the lipid homeostasis during the NE remodeling, which perhaps could 
also explain the abnormal NE division observed in tts1Δ cells (Figure 3.3.3). 
Conceivably, the fusion between the inner nuclear membrane (INM) and outer nuclear 
membrane (ONM) resulting in the formation of a SPB pore, or “fenestra”, could be 
promoted by local alterations in the spontaneous membrane curvature, for instance, by 
modulating distribution of lipids with fusogenic properties within the lipid bilayers 
(Chernomordik and Kozlov, 2008). Therefore, in addition to the physical tethers such 
as Cut11 that are required for inserting the SPBs in the NE, the membrane remodelers 
could also function in this process.  
One S. pombe mutant identified recently exhibited a striking phenotype: the SPBs 
failed to properly anchor within the NE and the presumptive fenestration site 
remained agape (Tamm et al., 2011). The mutated gene brr6 encodes a member of the 
transmembrane NE protein family restricted to the organisms assembling the 
NE-spanning MTOCs and undergoing a “closed” nuclear division. The Brr6 protein 
also appeared to promote nuclear membrane remodeling during SPB extrusion at a 
later stage of mitosis. In budding yeast, Brr6 and a functionally related protein Apq12 
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have been implicated in the NPC insertion into the NE, possibly through maintaining 
cellular lipid homeostasis and affecting the nuclear membrane flexibility (Scarcelli  
et al., 2007; Hodge et al., 2010; Schneiter and Cole, 2010). The recruitment of Brr6 to 
the mitotic SPBs in fission yeast that correlates with the SPB insertion and extrusion 
cycle, could perhaps argue for a direct, localized role of Brr6 in membrane lipid 
remodeling. 
The precise molecular functions of Brr6 and Tts1 remain presently unknown, but 
it would be of interest to see if direct manipulations of the fatty acid chain length and 
saturation status could affect the NE pore formation, during either the SPB or the 
NPC insertion events. The synthetic genetic interaction arrays and other currently 
available high throughput methodologies should allow dissecting the contribution of 
the various lipid biosynthesis pathways in mitotic NE remodeling. 
 
4.6 Closed mitosis and the nuclear membrane expansion 
The importance of assembling a membrane reservoir to enable the closed nuclear 
division is underscored by an unusual variant mitosis in the fission yeast 
Schizosaccharomyces japonicus (S. japonicus) (Aoki et al., 2011; Yam et al., 2011). S. 
japonicus assembles the intranuclear spindle and initiates the closed mode of mitosis 
in a manner similar to the related species, S. pombe. The NE then transforms into the 
diamond- and bow-like shapes and spectacularly ruptures in late anaphase B. The 
growing spindles initially buckle inside the intact nuclei but then abruptly straighten 
upon the NE breakdown. It turns out that the NE surface area in S. japonicus does not 
130 
increase and the NE rupture is driven by the cell cycle machinery rather than by the 
mechanical force produced by the elongating anaphase spindle (Yam et al., 2011).   
When the membrane reservoir is made unavailable in S. pombe cells that do not 
have an intrinsic mechanism for the NE breakdown, the spindle buckles and breaks 
under the compressive stress and the diamond shaped mitotic nucleus collapses back 
to a single sphere of the original diameter (Figure 3.3.4). Thus, it appears that at least 
within the fission yeast clade, the NE breakdown could have evolved to allow 
anaphase chromosome segregation and formation of two daughter nuclei in the 
absence of the mitotic NE growth. Whether such scaling considerations apply to 
evolution of mitotic mechanisms in all eukaryotes remains an open question. 
What could be the physiological significance to the different types of NE 
behavior? Closed mitosis comes at the cost of producing a massive membrane 
reservoir in preparation for nuclear division and could possibly slow down the rates of 
spindle assembly and kinetochore capture in larger cells, due to the necessity to 
import the entire microtubule machinery inside the intact nuclei. However, keeping 
the NE intact could prevent spindle entanglement, chromosome mis-segregation and 
uncontrolled nuclear fusion in a context of a multinucleated cell. This argument would 
fit well with the persistent nuclear membrane during mitosis in many filamentous 
ascomycetes and the early embryonic divisions in worms and flies that occur in 
syncytium. The dumbbell morphology of the dividing closed nucleus has been 
proposed to facilitate the asymmetric segregation of nucleoplasmic proteins 
(Boettcher et al., 2012) and circular DNA episomes (Gehlen et al., 2011) possibly 
131 
contributing to functional differentiation within the colonies of unicellular organisms. 
Finally, keeping the mitotic spindle - that helps to position the future cell division site 
in metazoans - within the enclosed compartment could provide means to 
independently regulate the processes of chromosome segregation and cellular division 
plane specification. 
 
4.7 Conclusions and perspectives 
During my Ph. D., I have attempted to probe the interplay between the cytoskeleton 
and the endoplasmic reticulum in the fission yeast Schizosaccharomyces pombe.  
In my study, I identified a novel protein Tts1 as the founding member of an 
evolutionarily conserved ER membrane protein family. I have shown that Tts1 in 
fission yeast functions to sustain the tubular ER domains at the cell cortex and to 
assist Cut11 to anchor the mitotic SPBs in the NE. Although I generated a large 
structure-function data set, more work is needed to understand Tts1 function at a 
molecular level. Similarly, the role of Tts1 in the NE fenestra formation and closure at 
the mitotic SPB anchoring site also remains to be explored further. Obtaining the 
protein structure through X-ray crystallography analysis could help to understand Tts1 
function, although we have experienced problems in purifying the recombinant 
protein due to its high hydrophobicity. 
   A recent study of semi-open mitosis in the close relative of S. pombe, 
Schizosaccharomyces japonicus (Yam et al., 2011) proposed an interesting hypothesis 
regarding the divergence of nuclear division strategies within the fission yeast clade. 
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To achieve the segregation of chromosomes within an enclosed NE, a fission yeast 
cell must either increase the nuclear membrane surface area in “closed” mitosis, or 
alternatively, if the membrane insertion is not possible, break the NE to prevent 
spindle breakage. I have shown that the S. pombe cells devoid of membrane reservoir 
for NE expansion broke the spindles and failed the nuclear division, suggesting that 
the mitotic spindles were constrained by the nuclear membrane. The mitotic SPB, the 
organelle functioning at the interface between the NE and the spindle, seems to play a 
very specific mechanical role in buffering the membrane tension to prevent the NE 
deformation and to allow the closed NE division (Zheng et al., 2007). The structural 
designs utilized for building and inserting the mitotic SPB could possibly give 
insights for biologically inspired engineering. 
   Consistent with work in budding yeast and neuron cells, I found that the type V 
myosins and actin cables transported the cortical ER into the growth zones in fission 
yeast. I further discovered that the VAP proteins in S. pombe function to attach the 
cortical ER to the plasma membrane and successfully generated the artificial tether 
constructs to manipulate the ER-PM attachment in vivo. While the molecular 
mechanisms underlying the role of VAP proteins in supporting the ER-PM contacts 
remain unclear, this discovery could provide an important basis for future studies. 
Specific biochemical features, especially the phospholipid composition at the ER-PM 
tethering sites, need a thorough investigation in future. 
    Perhaps, the most important contribution of my study is an unexpected 
finding that the architecture of the cortical ER network determines the division site 
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positioning in fission yeast. The conversion of the cortical ER network to the cisternal 
morphology by removing the ER tubulating proteins Rtn1, Yop1 and Tts1 caused the 
lateral dispersion of the division plane regulator Mid1 and assembly of the 
actomyosin cables throughout the cellular cortex. By modulating the ER-PM 
attachment using the artificial tethering system generated in this study, I have shown 
that the cortical ER network in fission yeast shields the inner surface of the PM and 
prevent proper recruitment of Mid1 at the equatorial cortex. This is the first reported 
evidence that attributes a specific function to the network morphology of the cortical 
ER. Testing this hypothesis further in higher eukaryotic systems or specialized tissue 
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